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Abstract 

Amyotrophic Lateral Sclerosis (ALS) is a progressive fatal neuromuscular disease 

characterized by selective motorneurons loss. Since mutations in TARDBP and FUS 

genes were discovered to cause familial form of ALS and TDP-43 and FUS proteins play 

important roles in RNA metabolism, transcriptional alterations emerged as potential 

pathogenic mechanism. RNA metabolism include several aspects of RNA regulation such 

as RNA transcription, maturations and regulation.  

In this study we have investigated two different aspects of RNA metabolism: the first one 

concerns to microRNAs (miRNA) which regulate translation of several mRNAs, and the 

second one is related to a specific muscular and neuronal transcription factor potential 

involved in ALS. First, we have assessed any selected miRNAs with neuronal functions 

in human neuroblastoma cell lines expressing the pathological SOD1(G93A) mutation 

and we found a small group of altered miRNAs. Subsequently, we explored these 

miRNAs in the spinal cord of transgenic SOD1(G93A) mice identified a panel of targets 

commonly altered in SOD1 ALS models. Furthermore, we assessed the expression levels 

of a panel of selected miRNAs in circulating cells obtain from patients affected by 

sporadic ALS form (sALS). This approach let us to identify two microRNAs (miR129-

5p and miR200c) that were up-regulated in both SOD1 ALS models and in blood cells of 

patients with sporadic form of disease, evidencing two possible events potentially 

involved in the pathogenesis of both the sporadic and the familial form of ALS. Moreover, 

we also identified HuD protein as a potential molecular target of miR129-5p; this protein 

has been previously reported to play a role in neuronal plasticity and in recovery from 

axonal injury. Indeed, in a cell line stably overespressing mir129-5p we found a reduction 

in neurite outgrowth and decreased expression levels of differentiation markers with 
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respect to control cells. Taken together these data strongly suggest that microRNAs play 

a role in ALS pathogenesis and in particular that mir129-5p can affect neuronal plasticity 

by modulating HuD levels.  

In the second part of the study we investigated the possible involvement of two members 

of myocyte enhancer factor 2 (MEF2) family in the pathogenesis of ALS. MEF2D and 

MEF2C are transcriptional factors playing crucial roles both in muscle and in neuron 

development and maintenance. We have performed gene expression analysis in 

peripheral blood mononuclear cells (PBMCs), we showed a strong increased in MEF2D 

and MEF2C levels both in sporadic and in familial ALS (SOD1+) patients and a direct 

correlation between MEF2D and MEF2C mRNA levels was observed in patients and 

controls. Although protein levels were unchanged, a different pattern of distribution for 

MEF2D-MEF2C proteins in patient cells was found, suggesting a possible lack of their 

function. To evaluate the transcriptional activity of MEF2 proteins mRNA levels of their 

downstream targets BDNF, KLF6, RUFY3 and NPEPPS were assessed. Our results 

showed a significant down-regulation of BDNF, KLF6 and RUFY3 levels confirming 

that transcriptional activity of both MEF2D and MEF2C isoforms was altered in sporadic 

and familial ALS patients. In conclusion, our results evidenced a systemic alteration of 

MEF2D and MEF2C pathways in ALS patients independently from the presence of SOD1 

gene mutations, highlighting a possible common feature between the sporadic and the 

familiar form of disease which are characterized by a different clinical phenotype and 

pathological hallmarks. In conclusion, the interconnections between these two topics will 

be discussed to delineate a possible common regulatory mechanism potentially involved 

in ALS. 

Key Words: amyotrophic lateral sclerosis; microRNA; miR129-5p; miR200c; HuD; SOD1 fALS; MEF2D; 

MEF2C; BDNF; KLF6; RUFY3.  
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Chapter 1  - General Introduction   

1.1 Amyotrophic Lateral Sclerosis (ALS) 

1.1.1 Introduction 

Amyotrophic lateral sclerosis (ALS) is a fatal neuro-degenerative disease caused by the 

loss of both upper and lower motor neurons. ALS is the most common adult onset motor 

neuron disease with an incidence of 2 individuals per 100,000 and a prevalence of 6-8 per 

100,000 of the total population. Most people developing ALS are between the ages of 40 

and 70, with an average age of 55 at the time of diagnosis. ALS is 20% more common in 

men than in women. However, with increasing age, the incidence of ALS becomes similar 

in the two sexes. Affected individuals develop progressive muscle weakness with death 

due to respiratory failure typically within 3-5 years after symptom onset, with great 

individual variation in the pathology progression rate (Strong et al., 2005). It spares 

cognitive ability, sensation, and autonomic nervous functions, and only in a few cases do 

patients also develop frontotemporal dementia (FTD). Most of the ALS cases occur in 

sporadic (sALS) forms, while about 10–15% of the cases are familial (fALS) forms, 

clinically indistinguishable from sALS (Bendotti et al., 2012).  

 

1.1.2 Genetics of ALS 

The high phenotypic heterogeneity of the clinical face of ALS pales in comparison to its 

biological heterogeneity, reflected in part by the extensive number of genetic variants of 

the disease that are now recognized (Table 1). For almost 15 years, the only gene clearly 

associated with fALS was the Cu-Zn superoxide dismutase 1 (SOD1) gene (Rosen et al., 
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1993), which accounts for 20% of fALS cases. The identification of SOD1 mutations in 

1993 ushered in the molecular era of ALS research, and significant insight into ALS 

pathogenesis has been gained through identification of pathways directly affected by the 

toxicity of mutant SOD1. Two main discoveries in mutant SOD1-mediated ALS in rodent 

models are the demonstration that the SOD1 protein aggregates produce a toxic gain of 

function that causes neuronal loss, and the disease can spread in a non–cell-autonomous 

manner in the nervous system (Boillée et al., 2006; Yamanaka et al., 2008). A major shift 

in our understanding of ALS pathogenesis occurred in 2006 with the identification of a 

43-kDa transactive response (TAR) DNA binding protein (TDP-43) as a key pathological 

substrate of cellular inclusions in sALS and non- SOD1 fALS, and frontotemporal lobar 

degeneration with ubiquitinated inclusions (FTLD-U) (Neumann et al., 2006).  
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Table 1. ALS-causing genes as appeared in (Leblond et al., 2014)  
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It was soon followed in 2008 by the successful discovery of dominant mutations in the 

TDP-43 gene as a primary cause of primary cause of ALS (Sreedharan et al., 2008), thus 

providing the proof of principle that aberrant TDP-43 can trigger neuronal degeneration 

and cause ALS. A total of 44 TDP-43 mutations (Da Cruz and Cleveland, 2011) have 

since been reported in ALS patients with or without an apparent family history, 

accounting for approximately 5% of fALS4 , and rare sALS cases (Da Cruz and 

Cleveland, 2011; Kabashi et al., 2008; Mackenzie et al., 2010; Sreedharan et al., 2008). 

The identification of TDP-43 mutations was followed in tandem by the discovery of 

mutations in another RNA/ DNA-binding protein, FUS/TLS (fused in sarcoma and 

translocated in liposarcoma) in 2009, as a primary cause of fALS (Kwiatkowski et al., 

2009).  In a period of less than 3 years, at least 50 different FUS mutations have been 

described in fALS, accounting for another 4% of fALS (Da Cruz and Cleveland, 2011; 

Lanson and Pandey, 2012) and rare sALS (Lanson and Pandey, 2012; Mackenzie et al., 

2010) cases. Both in TDP-43- and FUS -linked ALS, the age and site of disease-onset and 

clinical phenotype are variable, as in sALS, and incomplete penetrance has been 

documented for several of these mutations (Da Cruz and Cleveland, 2011; Kabashi et al., 

2008; Mackenzie et al., 2010; Sreedharan et al., 2008). Most patients with TDP-43 and 

FUS gene mutations develop the classical ALS phenotype, with characteristic 

pathological features of the disease. A careful review of other rare forms of fALS reveals 

that mutations in several other genes that encode RNA-processing proteins, including 

survival motor neuron (Lefebvre et al., 1995), senataxin (Chen et al., 2004), angiogenin 

(Greenway et al., 2006), optineurin (Maruyama et al., 2010), and TAF15 (Couthouis et 

al., 2011; Malpass, 2012) can also give rise to motor neuron degeneration (Table 1, see 

review (Ticozzi et al., 2011). A hexanucleotide repeat expansion in the noncoding region 
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(intron) of C9orf72 gene has recently emerged as a relatively common genetic form 

among fALS cases (Renton et al., 2011). It has been shown to lead to altered regulation 

of RNA splicing, mRNA translation, and mRNA stability, which contribute to the disease 

processes. Additionally, genes that encode proteins involved in proteosomic or 

autophagic aggregate clearance and disposal, including UBQLN2 (Deng et al., 2011) and 

SQSTM1 (Fecto et al., 2011), are linked to fALS. Taken together, the emerging concept 

that RNA-processing abnormality and protein aggregate accumulation are crucial 

elements in ALS is taking a tangible shape. 

 

1.1.3 Cu-Zn superoxide dismutase 1 (SOD1) 

SOD1 mutations were the most frequently identified cause of FALS, before the 

discovered of C9orf72 expansion, accounting for ~20% of all patients. In 1993, Rosen et 

al. described eleven disease-associated mutations in the SOD1 gene, encoding for the 

Cu/Zn superoxide dismutase, a cytoplasmic enzyme responsible for the catabolism of 

superoxide radicals to hydrogen peroxide and molecular oxygen (McCord and Fridovich, 

1969). SOD1 is ubiquitously expressed, highly conserved, and represent ~1% of all 

cytoplasmic proteins. To date, 119 types of SOD1 mutations have been discovered but 

the induction of the disease is thought to depend upon few common pathways. The two 

principal critical features of SOD1 mediated toxicity are toxic gain of function and that 

the pathogenesis of the ubiquitously expressed mutant SOD1 is a non-cell autonomous 

process. This means that disease onset is driven by mutant protein synthesized inside 

motor neurons. Mutated SOD1 protein interacts specifically with neurofilament-light 

chain mRNA and the dynein/dynactin complex, thus inducing cytoskeletal defects or 

altering axonal transport. Furthermore has increased tendency to form aggregate-prone 
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monomers, and the degree of instability correlates inversely with length of survival; this 

suggest that increased propensity to aggregate may be the unifying common denominator 

for the 119 diverse SOD1 mutations (Andersen, 2006). Some investigators (Bosco et al., 

2010b) found misfolded SOD1 in motor neurons in a subset of patients with sALS without 

SOD1 mutations, thus suggesting a role for wild-type SOD1 in sALS, possibly after 

secondary (oxidative) modification (Robberecht and Philips, 2013). Finally, prion like 

aggregation and spreading ability of mutant SOD1 has been demonstrated in cultured 

cells (Grad et al., 2011) as well as seeding ability using spinal cord homogenate (Chia et 

al., 2010). 

 

1.1.4 Chromosome 9 open reading frame 72 (C9orf72) 

Repeated GGGGCC hexanucleotide expansion in the intronic portion of C9orf72 has 

been recently identified as the most prevalent mutation among ALS patients, this 

pathological expansion can be found in ~40% of fALS, ~25% of familial FTD (fFTD), 

and in ~7% of apparent sALS subjects (DeJesus-Hernandez et al., 2011; Majounie et al., 

2012; Renton et al., 2011). The hexanucleotide sequence is repeated up to 23 times in 

normal individuals, while it has been found repeated hundreds or thousands of times in 

affected patients. ALS patients with an expansion in C9orf72 show a histology of 

cytoplasmic inclusions positive for ubiquitin and TDP-43 on neuropathological 

examination (DeJesus-Hernandez et al., 2011). Additionally TDP-43 is absent from 

inclusions in the cerebellar granular and molecular layers, and from the pyramidal cell 

layers of the hippocampus in patients with C9orf72 expansion, suggesting that additional 

components other than TDP-43, such as ubiquilin-2 (UBQLN2) or sequestosome 1 

(p62/SQSTM1), are present in the inclusions. The exact pathological mechanism for 



 
 

 
9 
 

C9orf72 hexanucleotide expansion is not yet understood, but 3 different mode have been 

hypothesized:  

� a gain of RNA toxicity, by sequestration of RNA-binding proteins and other RNA 

species which would disrupt cellular metabolism (Renton et al., 2014; Xu et al., 

2013)  

� a gain of protein toxicity, due to the expression of a mutant protein containing 

repeated expansion 

� a loss of function through haploinsufficiency, as reduced brain expression of a 

C9orf72 protein isoform mRNA has been found (DeJesus-Hernandez et al., 2011; 

Renton et al., 2011)  

The gain of RNA toxicity of C9orf72 is suggested by intranuclear RNA foci found in 

ALS patients’ with mutated C9orf72 (DeJesus-Hernandez et al., 2010). These foci may 

trap one or more RNA-binding proteins, inhibiting their function especially in RNA 

processing. Regarding haploinsufficiency, a reduction of both isoforms of C9orf72 

mRNA levels has been demonstrated, however evidence of a reduction of the 

correspondent protein is still lacking. Little is known about C9orf72 protein function, 

however bioinformatical analyses have predicted it should be a DENN (Differentially 

Expressed in Normal and Neoplastic cells) domain protein, that could act as a guanine 

nucleotide exchange factor for small GTPases. A recent study provided the first 

experimental evidence to confirm this: C9orf72 was found to regulate endosomal 

trafficking and autophagy in neuronal cells and primary neurons (Farg et al., 2014; Levine 

et al., 2013; Zhang et al., 2012). This suggests that certain aspects of the ALS and FTD 

disease pathology might result from haploinsufficiency of C9orf72, leading to a defect in 
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intracellular membrane traffic, either exocytosis or endocytosis, in addition to the strong 

possibility of RNA-mediated toxicity. 

 

1.1.5 Transactive response DNA binding 43-kDa (TDP-43) 

TDP-43 is a 414 amino acid protein encoded by 6 exons; the gene contains 2 RNA 

recognition motifs (RRM 1 and 2) and a C-terminal glycine-rich region that is reputed to 

mediate protein-protein interactions, mainly with others hnRNPs (Buratti et al., 2005; 

Lagier-Tourenne et al., 2010). Mutations in the TARDBP gene, encoding for TDP-43, 

have the proposed mutational frequency of ~5% for fALS and 0.5-2% for sALS and 

almost all ALS-associated TDP-43 mutations are dominantly inherited and located in the 

glycine-rich region (Da Cruz and Cleveland, 2011; Sreedharan et al., 2008). TDP-43 was 

originally identified as a transcriptional repressor that binds to TAR DNA of the human 

immunodeficiency virus type 1 (HIV-1), and thus its name (Ou et al., 1995). Consistent 

with its role in transcription, TDP-43 was subsequently found in human brain and in 

several cell culture systems. TDP-43 was shown to be associated with euchromatin – 

actively transcribed genes – in nuclear DNA; its RRM2 was proposed to mediate binding 

to nuclear DNA (Ayala et al., 2008). In 2006, TDP-43 was identified as the main 

component of ubiquitinated cytoplasmic inclusions in ALS (Neumann et al., 2006). In 

aggregates, TDP-43 is hyperphosphorylated and cleaved to generate abnormal C-terminal 

fragments. Moreover, while in unaffected neurons TDP-43 localizes in the cell nucleus, 

it is absent from the nuclei of neurons with ubiquitinated inclusions, suggesting a nucleo-

cytoplasmic redistribution of the protein. These observations lead to intense speculations 

on the pathogenic role of TDP- 43 in ALS: toxicity might be caused by aggregating TDP-

43 being sequestered away from its normal nuclear function or, conversely, TDP-43 
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aggregates might have a toxic gain-of-function independent of the protein’s physiological 

cellular activities (Lagier-Tourenne et al., 2010; Strong, 2010; Ticozzi et al., 2011). 

Although the specific functions of TDP-43 in neuronal cells remain to be evaluated, the 

protein has been demonstrated to play a role in several biological processes, including 

gene transcription, splicing regulation, transport and stabilization of mRNA molecules 

(Buratti and Baralle, 2008) [see below the paragraph 1.2.1 “The physiological and 

pathological role of TDP-43” pag. 15]. 

 

1.1.6 Fused in sarcoma and translocated in liposarcoma (FUS/TLS) 

FUS is a 526 amino acid protein encoded by 15 exons; the gene contains an N-terminal 

domain enriched in glutamine, glycine, serine, and tyrosine residues (QGSY region), an 

RRM, an arginine-rich region, an arginine and glycine rich (RG rich) region, and a C-

terminal zinc finger motif (Lanson and Pandey, 2012; Sreedharan et al., 2008). As with 

the TDP-43 gene, most pathogenic FUS mutations are clustered in the glycine-rich region 

(Da Cruz and Cleveland, 2011; Lagier-Tourenne et al., 2010; Lanson and Pandey, 2012). 

Similar to TDP-43-linked ALS, the inheritance pattern in FUS-associated ALS is 

autosomal dominant. Just as is the case with TDP-43, most FUS mutations are missense 

mutations, with only rare exceptions. Most patients develop a classical ALS phenotype, 

although occasional cases of ALS in young women with FUS mutations have been 

reported (Huang et al., 2010). Similar to TDP-43, FUS is chiefly nuclear in distribution 

in most cell types. Postmortem analysis of brain and spinal cord from ALS patients with 

FUS mutations has shown abnormal FUS-positive cytoplasmic inclusions in neurons and 

glial cells (Da Cruz and Cleveland, 2011; Kwiatkowski et al., 2009; Lagier-Tourenne et 

al., 2010; Vance et al., 2009). Interestingly, neuropathological examinations of tissues 
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from patients harboring FUS mutations showed an increased cytoplasmic FUS staining, 

FUS-immunoreactive dystrophic neurites, and cytoplasmic inclusions in lower motor 

neurons (Kwiatkowski et al., 2009; Vance et al., 2009). These mislocalized 

immunoreactive FUS inclusions are strikingly nonreactive for TDP-43, suggesting that 

neurodegenerative processes driven by FUS are independent of TDP-43 mislocalization. 

Regarding his molecular function, FUS is involved in several cellular pathways, including 

transcriptional regulation, maintenance of genomic stability, and splicing, nucleo-

cytoplasmic shuttling, transport, and maturation of mRNAs (Law et al., 2006). 

Furthermore, in the central nervous system, the protein is involved in regulating mRNA 

transport towards the dendrites and synaptic plasticity upon the activation of glutamate 

receptors (Fujii et al., 2005). [see below the paragraph 1.2.2 “The physiological and 

pathological role of FUS” pag. 18]. 
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1.2 The evidences for alterated RNA metabolism in 

Amyotrophic Lateral Sclerosis (ALS) 

 

The dynamic regulation of gene expression and its linkage to protein expression is 

increasingly seen to be governed by determinants of RNA metabolism that regulate the 

post-transcriptional processing of mRNA, including pre-mRNA splicing and processing, 

editing, transport, stabilization and translation, and degradation (Bolognani and Perrone-

Bizzozero, 2008). TDP-43 and FUS, two ALS-related RNA binding proteins, have been 

documented to play a role in transcriptional regulation, RNA stability, microRNA 

(miRNA) processing and RNA splicing (Buratti and Baralle, 2008; Colombrita et al., 

2012; Kawahara and Mieda-Sato, 2012; Morlando et al., 2012). Figure 1 summarizes the 

role of TDP-43 and FUS at different steps of RNA processing.  
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Figure 1. Schematic illustration of RNA metabolism and potential points of impact for ALS 

associated mutations or disease processes. Following gene transcription, pre-mRNA is modified 

by the spliceosome into mRNA which is then “bundled” in RNP complexes (RNA granules) and 

actively transported to the cytoplasm. In the mature neuron, RNA granules can exist in three 

forms, including transport granules in which the mRNA is translationally quiescent and 

transported to the sites of nascent protein synthesis. At these sites, an active polyribosome is 

reconstituted and translation proceeds. For many proteins, retrograde transport of either intact 

protein or degradation products allows for further regulation of gene expression. The RNA 

granule can also be modified in response to stalled initiation to give rise to either a stress granule, 

in which instance the mRNA is “held” until such time as needed, or a processing body (P-body) 

in which mRNA is degraded. The process of mRNA degradation within the P-body is governed 

in part by the specific association between the mRNA and miRNAs. The potential sites, or 

pathways, at which the interaction of RNA binding proteins or proteins associated with RNA 

processing, and which have been identified as disease modifying or causative agents in ALS, are 

indicated (Strong, 2010). 
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1.2.1 The physiological and pathological role of TDP-43  

TDP-43 is a highly conserved protein ubiquitously expressed in many tissues, where it is 

present in neuronal and glial nuclei and to a lesser extent in the cytoplasm. It can shuttle 

between nucleus and cytosol, but at steady state it is mainly localized within the nucleus. 

TDP-43 has been showed to bind to more than 6000 pre-mRNA (Ayala et al., 2008; 

Buratti and Baralle, 2008; Buratti et al., 2004; Buratti et al., 2001; Polymenidou et al., 

2011; Strong et al., 2007), affecting RNA maturation in several ways: 

� it binds to more than 600 long intron containing mRNAs and sustains their levels 

(i.e. stabilize them);  

� it binds to the splicing sites near and far from exon-intron junctions, influencing 

the splicing pattern of about 950 mRNAs;  

� it is implied in stability and transport of more than 1000 transcripts by binding 

their 3’ untranslated regions (UTR);  

� it also possesses binding sites for noncoding RNAs (ncRNA) whose functions 

include chromatin remodeling, transcription regulation and post-transcriptional 

processing;  

� it may exert further functions by binding small ncRNA and micro RNA (miRNA), 

a matter still unexplored.  

 

Although TDP-43 is an ALS-related protein, the exact mechanism thought it exerts its 

toxic action is not known. A possible disease mechanism could be a gain of toxic function 

(Ayala et al., 2011), this has been proven by the fact that an increase (by less than a factor 

of 2) in its levels by loss of regulation of its production is highly deleterious (Igaz et al., 

2011). TDP-43 levels are strictly regulated by an intrinsic autoregulatory pathway, as 
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inactivation of one copy of the gene in mice does not reduces the protein mRNA levels. 

Autoregulation is deemed to be mediated by TDP-43 dependent splicing of an intron in 

the 3’ UTR of its own mRNA, and splicing of this gene leads to an unstable RNA which 

decays (Polymenidou et al., 2011). Furthemore, overexpression of wild-type human TDP-

43 in neurons of flies, zebrafish embryos, and worms (C. elegans), also produces 

neurodegeneration accompanied by decreased locomotor activity, motor deficits, reduced 

lifespan, and motor neuron loss (Ash et al., 2010; Kabashi et al., 2010; Li et al., 2010). 

Not surprisingly, the severity of the motor phenotypes correlates with the level at which 

the transgene accumulates in neurons. Excess expression of wild-type human TDP-43 in 

the CNS of mice has also been shown to be toxic in a dose-dependent manner (Wils et 

al., 2010) confirming results previously obtained from others animal models. Two 

research groups have reported consequences of expressing ALS-linked mutants of TDP-

43 in mice (Stallings et al., 2010; Wegorzewska et al., 2009). Accumulation of mutant 

human TDP-43 carrying the A315T mutation (TDP-43A315T) to 3 to 4-fold above 

endogenous TDP-43 levels in the CNS caused loss of pyramidal neurons in cortical layer 

V, as well as of motor neurons in the spinal cord, with attendant gait abnormality and 

premature death, all features reminiscent of ALS. A key question, not yet clearly 

answered, is whether ALS-linked mutant TDP-43 triggers a far higher degree of toxicity 

than the elevated wild-type protein in mice. One recent study has directly attempted to 

address this question. Analysis of transgenic mice expressing human wild-type TDP-43 

or TDP-43M337V led these researchers to conclude that only human ALS-linked mutant 

TDP-43 produces motor dysfunction (Stallings et al., 2010). In summary, therefore, 

expression of human TDP-43 carrying an ALS-linked mutation appears to produce far 

greater toxicity than higher levels of wild-type TDP-43 in these models. 
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Another possible mechanism of disease is the loss of function due to TDP-43 nuclear 

depletion. TARDBP is a fundamental gene and its loss has been proven to be fatal in the 

embryonic stage of life, while the complete removal after birth is rapidly lethal without 

motor neuron disease (MND) (Chiang et al., 2010). Loss of TDP-43 function in 

Drosophila by gene deletion or its down-regulation by siRNA is deleterious in flies, 

leading to lethal (Huang et al., 2011) or semi-lethal (Li et al., 2010) phenotypes. The 

surviving null flies exhibit defects in locomotor behavior, reduced lifespan, reduced 

dendritic branching, and neuronal death. Similarly, knockdown of TDP-43 in zebrafish, 

using antisense oligonucleotides, causes a defective motor phenotype with motor axon 

degeneration but without clear lethality (Kabashi et al., 2010). The motor abnormalities 

in both flies and zebrafish can at least be partially rescued by wild-type TDP-43 (Kabashi 

et al., 2010). Loss of TDP-43 in mice following homozygous disruption of the TDP-43 

gene results in lethality in embryos (Kraemer et al., 2010), suggesting that TDP-43 is 

essential for early embryogenesis in the mouse. Heterozygous TDP-43 gene disruption in 

mice has led to inconsistent findings, ranging from aged mice that are phenotypically 

indistinguishable from wild-type to those showing modest motor behavioral 

abnormalities (Kraemer et al., 2010). Animal models with selective inactivation of 

TARDBP genes produce MND with ALS pathology (Iguchi et al., 2013); however despite 

its contribute to disease progression, the sole loss of TDP-43 functions has been proved 

insufficient to cause a fatal MND.  

TDP-43 is fundamental in stabilizing mRNAs with very long introns including those 

encoding FUS, as well as those of other ALS-related genes (ALSIN, CHMP2B, vasolin-

containing protein (VCP), VAPB); some of the deregulated mRNAs are crucial for motor 

neuron survival, such as those encoding low molecular weight filaments (Strong et al., 
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2007) and proteins implied in homeostasis of the distal part of the motor neuron axon 

(Strong et al., 2005). This may explain the molecular mechanism underlying the selective 

degeneration of motor neurons. 

 

1.2.2 The physiological and pathological role of FUS  

FUS is a member of the TET protein family, its C-terminal region has protein and RNA-

binding capability while the N-terminal region appears to be involved in transcriptional 

activation. FUS C-terminal sequence motif binds to nuclear import receptor by which it 

usually localizes on the nucleus surface. There are 2 clusters of ALS/FTD-linked 

mutations: mutations of the low complexity prion like domain at N-terminal region and 

mutations in the C-terminal nuclear localization signal. C-terminal mutations have been 

shown to weaken the affinity of FUS to nuclear import receptor, resulting in cytoplasmic 

localization of mutant FUS (Zhang and Chook, 2012). Furthermore FUS is an intrinsically 

aggregation-prone protein, and it is possible that mutations at the C-terminal modulate 

the aggregation kinetics, increasing its propensity to aggregate. Similarly to TDP-43, FUS 

can bind single and double stranded DNA as well as RNA it affects both transcription and 

splicing.  

� Transcription. Along with the other members of TET protein family, FUS has 

been shown to associate with RNA polymerase II and its transcription factor. By 

binding with several nuclear hormone receptors it can activate different promoters 

and influence transcription of specific genes (Tan et al., 2012).  

� Splicing. FUS has been identified as part of the spliceosome machinery (Hartmuth 

et al., 2002), it has been demonstrated that its association with the spliceosome 
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influences the splicing pattern of more than 1000 RNAs (Lagier-Tourenne et al., 

2012).  

 

Moreover, FUS also possess important role in the cytosol. Indeed, FUS and TDP-43 tend 

to aggregate and form the RNA granules thanks to their prion like domains. RNA granules 

assembly is a physiological cell response when exposed to stressing conditions, under 

normal conditions both these proteins tend to reversibly bind together forming amyloid 

like fibers aggregates. Cytoplasmic bodies thus formed include: processing bodies 

(containing RNA decay machinery), stress granules (containing translation machinery) 

and transporting granules (containing RNA destined to local translation). [see below the 

paragraph 1.2.3 “Stress granules” pag. 20]. Furthermore, FUS has also been shown to 

affect dendritic spine formation in cultured hippocampal neurons, suggesting that FUS 

may play an important role in regulating synaptic function.  

It is currently unclear whether loss of FUS, like as TDP-43, in the nucleus (loss of 

function) or its accumulation in cytoplasmic aggregates (toxic gain of function), or both, 

lead to the pathogenesis of ALS.  

A loss of nuclear function of FUS protein is probably a component of the disease process, 

since nuclear clearing and cytoplasmic accumulation have been reported in surviving 

neurons of patients with mutations in FUS gene (Kwiatkowski et al., 2009). To date, a 

study in zebrafish has described the expression of wild-type or ALS-linked mutants of 

FUS (Bosco et al., 2010a). Unlike similar expression of wild-type or ALS-linked mutant 

TDP-43, no significant alterations in motor neuron morphology or motor axon outgrowth 

were found with either wild-type or mutant FUS. Transgenic rats conditionally expressing 

human wild-type and ALS-linked mutant FUS (FUSR521C) revealed that expressing 
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mutant protein at levels 3- to 6-fold above endogenous levels in the CNS led to loss of 

cortical and hippocampal neurons, degeneration of motor axons, increased denervation of 

neuromuscular junctions and ultimately paralysis in 30 – 70 days after induction of the 

transgene (Huang et al., 2011). Altogether in these rat experiments, accumulation of 

mutant FUS in the CNS appears to be more toxic than wild-type protein.  

A mechanism of gain of toxic function is less probable as no currently published mouse 

model stably expresses mutations of FUS leading to ALS. 

 

1.2.3 Stress granules 

In response to stressful conditions, eukaryotic cells require a rapid adaption for survival; 

they need to produce cytoprotective proteins and conserve energy. The formation of stress 

granules (SGs) in a series of reversible steps is crucial in the lattermost process. These 

granules facilitate cell survival by translational arrest of non-essential transcripts and by 

sequestering pro-apoptotic proteins and regulators of cell growth. SGs are cytoplasmic, 

non membrane enclosed particles containing different classes of components (reviewed 

by (Anderson and Kedersha, 2008). The first class consists of initiation complexes and 

includes mRNA transcripts, Translation Initiation Factor 3 (eIF3), Translation Initiation 

Factor 4B (eIF4B), Translation Initiation Factor 4F (eIF4F), Poly-A Binding Protein 1 

(PABP-1) and small ribosomal subunits. The second class of components consist of 

RNA-binding proteins with some members of this group linked to translational silencing, 

others are linked to RNA decay and still others are RNA-binding proteins not related to 

RNA translation or decay. The third class of SG component interacts with core 

components through “piggyback” interactions. SGs are closely related to another class of 

RNA granules – processing bodies (P-bodies) (Parker and Sheth, 2007). SGs and P-bodies 
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are both cytoplasmic RNA-protein granules without a membrane (Souquere et al., 2009); 

both are assembled in response to stress (Raaben et al., 2007); growth in size depends on 

retrograde transport along microtubules (Loschi et al., 2009). They are assembled on 

untranslated mRNAs from dissembled polysomes (Cougot et al., 2004; Kedersha et al., 

2000), and both share a large number of proteins (Figure 2). However, SGs and P-bodies 

differ in several ways: 

� SGs are larger than P-bodies and appear as more irregular, looser and more 

granular structures that often contain regions of cytoplasm, while P-bodies are 

compact, dense structures (Souquere et al., 2009). 

� SGs only emerge in response to stress (Kedersha et al., 2000), whereas a small 

number of P-bodies are observed in unstressed cells (van Dijk et al., 2002). 

� SGs, but not P-bodies, usually require eIF2a phosphorylation for assembly upon 

stress (Kedersha et al., 2002). 

� SGs are defined by translation initiation factors, including the non-canonical 48S 

pre-initiation complex (Kedersha et al., 2002; Kedersha et al., 1999), while P-

bodies are defined by components of mRNA decay machinery (Kedersha et al., 

2000; van Dijk et al., 2002). 

� Although SGs and P-bodies can contain the same species of RNAs, SGs contain 

mRNAs that are polyadenylated (Kedersha et al., 2000; Kedersha et al., 1999) 

while in P-bodies, mRNA lack a poly(A)-tail (Anderson and Kedersha, 2008; 

Kedersha et al., 2002). 
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Figure 2. Schematic illustration of the 5 stages of stress granule (SG) formation. In response to 
cellular injury or stress, phosphorylation of eiF2α results in abortive initiation complexes with 
stalled initiation and the conversion of polysomes into 48S ribosomes. Primary aggregation and 
SG nucleation is dependant on the presence of free 48S complexes and can be initiated by multiple 
proteins which then become part of the SG they nucleate. Secondary aggregation through 
protein:protein interactions results in the progressive fusion of SG to form larger aggregates. In 
the next step, proteins that lack mRNA binding properties are recruited which then integrate the 
SG with specific signaling pathways and provide the SG with an ability to integrate aspects of 
cellular metabolism with the translational response to stress. At this stage, RNA is triaged either 
into a translationally quiescent compartment which protects the RNA from degradation until 
translation is reinitiated, or into a pathway in which the RNA is destabilized and degraded in P-
bodies. The interchange between SGs and P-bodies is dynamic with reversible exchange of 
mRNA, with the current view being that the determination of whether a mRNA is stabilized or 
degraded being in part dependant on the nature of the miRNA interaction with its respective MRE 
(Strong, 2010). 
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SGs and P-bodies are highly dynamic and highly connected structures (Kulkarni et al., 

2010). Indeed, in mammalian cells SGs and P-bodies are formed independently, since 

abrogation of SGs does not hinder P-bodies assembly and vice versa (Kedersha et al., 

2002). However, P-bodies intermittently and transiently dock with SGs and with vary 

proteins, affecting the duration of contact between granules (Kedersha et al., 2002). This 

raise the possibility that messenger ribonucleoprotein particles (mRNPs) may be 

exchanged between both granules. 

 

TDP-43 and FUS are nuclear proteins that rapidly shuttle to the cytoplasm in response to 

stress and colocalize with SGs (Ayala et al., 2008). However, the role of TDP-43 and 

FUS in the formation of SGs in unclear. Some studies have suggested that TDP-43 

overexpression itself induces SG de novo formation (Liu-Yesucevitz et al., 2010). 

However, others have shown that TDP-43 overexpression is not sufficient for SG 

formation; rather, an additional stress such as oxidative and osmotic stress or heat shock 

is required (Dewey et al., 2011; Meyerowitz et al., 2011). It has been shown that TDP-43 

knockdown in HeLa cells decreases the number of cells containing SGs formed after 

oxidative stress, as well as the size of SGs (Aulas et al., 2012). However, it has also been 

reported that no change in SG formation is induced by TDP-43 knockdown (Liu-

Yesucevitz et al., 2010). The same controversial results have been found in the case of 

TDP-43 mutants. The most comprehensive study on the functional role of TDP-43 in SGs 

and cellular stress response has been performed by McDonald et al. (2011). These authors 

showed that TDP-43 and its binding partner hnRNP A2 are components of SGs formed 

in response to oxidative stress. Endogenous and overexpressed FUS show a re-

distribution from the nucleus to the cytoplasm in response to a oxidative and osmotic 



 
 

 
24 
 

stress, where it colocalizes to SGs (Blechingberg et al., 2012; Sama et al., 2013; 

Yamaguchi and Kitajo, 2012) in a manner reminiscent of TDP-43. However, FUS 

knockdown has no impact on the formation of SGs in response to oxidative stress, 

indicating that SG formation does not require endogenous FUS. The role for FUS mutants 

in SG formation is less clear, with conflicting reports. These observations highlight the 

controversial nature of determining the exact role of either TDP-43 and FUS in SG 

formation but, taken together, these preceding observations provide strong evidence 

suggesting that several ALS-related RNA binding proteins participate to some extent in 

the formation and/or function of SGs. 

Under non pathological conditions, TDP-43 and FUS localize into SGs that assemble and 

disassemble in a fully reversible manner. However, under pathological conditions the 

normal nuclear-cytoplasmic shuttling of TDP-43 and FUS is interrupted and formation of 

insoluble cytoplasmic inclusions of these proteins is observed. Some evidence points to 

SGs as precursors of pathological inclusions. As already discussed, ALS-related RNA-

binding proteins that form cytoplasmic aggregates, including TDP-43 and FUS, have 

been shown to associate with SGs. Moreover, it has been shown that endogenous TDP-

43 localized to SGs can subsequently form ubiquitin-positive protein aggregates (Parker 

et al., 2012). ALS-linked pathological proteins, such as TDP-43 and FUS, have the 

tendency to form stable, insoluble protein aggregates. This is because they possess 

domains within the protein that are intrinsically disordered, capable of converting from a 

soluble form into a self-propagating aggregate-prone conformation, analogous to the 

domain described in yeast and called “prion-like domain”. These aggregation-prone 

proteins would have the capability to attract more aggregation-prone proteins or even 
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wild-type proteins, as has been described for mutant FUS attracting wild-type FUS to 

SGs after oxidative stress in human neuronal cells (Vance et al., 2013). 

Finally, pathological aggregation could also be influenced by chronic stress caused by 

environmental factors such as heavy metals, exogenous and endogenous retroviruses, as 

well as oxidative stress associated with aging, which could even directly affect RNA 

species. This leads then to a complex scenario in which multiple sources of stress could 

contribute to the formation of insoluble aggregates from SGs, irreversibly interfering with 

the normal cell response to stress and, finally with normal neuronal function.   

 

1.2.4 The role of TDP-43 and FUS in miRNA pathway 

Several aspects of RNA metabolism have been extensively described as being altered in 

ALS. Besides alterations involving SGs (previously described), alterations in mRNA 

stability and transcription have also been described (Strong, 2010). Among many other 

structural and functional similarities, TDP-43 and FUS have the ability to play key roles 

in canonical miRNA biogenesis (Starega-Roslan et al., 2011) [see also the paragraph 1.3 

“microRNAs” pag. 31]. This property is primarily achieved by their ability to bind 

nascent and precursor miRNA transcripts (Buratti et al., 2010; Kawahara and Mieda-Sato, 

2012; Morlando et al., 2012). Both TDP-43 and FUS have been shown by mass 

spectrometry to bind Drosha, which mediates the first step in miRNA maturation (Kim et 

al., 2009). FUS is recruited to chromatin at site of miRNA transcription and binds to 

corresponding primary miRNAs (Morlando et al., 2012). TDP-43 also interacts with 

Dicer in the cytoplasm to further cleave the precursor miRNA (Kawahara and Mieda-

Sato, 2012). Thus, TDP-43 can influence miRNA biogenesis at both a primary and 

precursor level in the nucleus and cytoplasm, while FUS only mediates a nuclear miRNA 
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maturation step. Finally, the biogenesis of miRNA is significantly reduced when TDP-43 

or FUS levels are reduced (Buratti et al., 2010; Morlando et al., 2012), confirming the 

function of these two ALS-related RNA-binding proteins in miRNA processing. This new 

role described for TDP-43 and FUS is highly important for ALS since both proteins 

regulate the biogenesis of miRNA relevant for neuronal function, differentiation and 

synapse formation (Edbauer et al., 2010; Laneve et al., 2007; Li et al., 2013; Morlando et 

al., 2012; Packer et al., 2008; Pathania et al., 2012). Although non-canonical miRNA 

biogenesis pathways are now being increasingly documented, the role of TDP-43 and 

FUS in these pathway in not yet known. The participation of miRNAs in ALS has only 

recently been documented. The first clue about miRNAs involvement in ALS came from 

studies in mice models with Dicer ablation. Dicer enzyme is part of the miRNA 

biogenesis and maturation in vivo, indicating that global loss of miRNA biogenesis is 

detrimental for neuronal survival (Shin et al., 2009; Tao et al., 2011).  
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1.3 MicroRNAs 

1.3.1 Introduction 

MiRNAs are a novel class of small (18–25 nucleotides), non- coding RNA molecules 

predicted to post-transcriptionally regulate at least half the human transcriptome 

(Friedman et al., 2009). The discovery, and subsequent characterization, of miRNAs has 

revealed an intriguing additional level of gene regulation that is fundamental in a diverse 

range of pathways including development, differentiation and pathological pro- cesses. 

Each miRNA is estimated to regulate around 200 targets, and mRNA transcripts may be 

regulated by multiple miRNAs (Krek et al., 2005; Lewis et al., 2003; Lim et al., 2005). 

The miRNA biogenesis pathway is highly conserved, as are many miRNA sequences and 

their target binding sites, highlighting their importance across evolution (Berezikov et al., 

2005; Friedman et al., 2009). MiRNA genes are encoded either in intergenic regions 

under control of their own promoter, within the introns of protein coding genes or are 

exonic, overlapping with coding regions and transcribed by the host promoter (Rodriguez 

et al., 2004). The majority of miRNAs in humans are transcribed independently and 

putative promoters for the most of these have been identified (Ozsolak et al., 2008; Zhou 

et al., 2007). Over 40% of human miRNAs are found in clusters that are co-transcribed 

as polycistronic transcriptional units (Griffiths-Jones et al., 2008; Lee et al., 2002). Many 

miRNAs are highly temporally and spatially regulated, either via transcription factors or 

epigenetic mechanisms including DNA methylation and histone modification (Chuang 

and Jones, 2007). Overall, the mechanisms that control miRNA expression are similar to 

those of protein-coding genes with a trend toward regulation by their target mRNAs and 

double-negative feedback loops (Carthew and Sontheimer, 2009). 
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1.3.2 Biogenesis of microRNAs 

Canonical pathway 

The bulk of miRNAs are generated via the typical, canonical pathway of miRNA 

biogenesis (Figure 3). MiRNA genes are transcribed by RNA polymerase II (pol II) to 

generate long primary transcripts (pri-miRNAs), which can be several kilo bases long. 

The pri-miRNAs are capped, spliced and polyadenylated. They may encode a single 

miRNA, clusters of distinct miRNAs, or a protein and can therefore also act as mRNA 

precursors (Carthew and Sontheimer, 2009). The next step also takes place in the nucleus 

and is orchestrated by the microprocessor complex. The principal components of this 

complex are the RNase III enzyme known as Drosha and its binding partner Di George 

syndrome critical region gene 8 (DGCR8), a double-stranded RNA-binding protein 

(Denli et al., 2004). Drosha digests pri-miRNAs to release hairpin structures called 

precursor miRNAs (pre-miRNAs), which are 60–70 nucleotides in length. Exportin-5 

interacts directly with the pre-miRNAs to mediate their export into the cytoplasm, where 

a second RNase III enzyme named Dicer, cleaves the pre-miRNA to generate a double-

stranded miRNA duplex of ∼22 nucleotides. Following Dicer processing the miRNA 

duplex is rapidly unwound as it associates with Argonaute (Ago) proteins, one strand is 

retained to become the mature miRNA and is loaded into RNA-induced silencing 

complexes (RISCs) to participate in mRNA regulation. The complementary strand, which 

is found at lower concentrations within the cell and is sometimes called the ∗ sequence, 

was believed to be non-functional and rapidly degraded. However, recent studies have 

demonstrated that several miRNA ∗ sequences associate with different Ago protein 

complexes to also become active (Czech and Hannon, 2011). 
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Figure 3. MiRNA biogenesis.  
The processing of miRNA 
includes both nuclear and 
cytoplasmic components. The 
primary miRNA transcript is 
predominantly transcribed by 
RNA polymerase II from 
intronic DNA, may be kilobases 
in length, and forms stem–loop 
structures that are cleaved by a 
microprocessor complex, the 
composition of which includes 
Drosha, TDP-43 and FUS/TLS 
(highlighted in red as fALS 
associated proteins). Following 
nuclear export, the resultant pre-
miRNAs are cleaved by 
Dicer/TRBP to yield transient 
miRNA duplexes which are then 
associated with argonaute 
proteins (Argo), the catalytic 
component of the RNA-induced 
silencing complex (RISC), gives 
rise to the functionally mature 
miRNA. With Argo, the miRNA 
becomes associated with RNPs. 
If the miRNA has complete 
complementarity to its mRNA 
recognition element, the mRNA 
is directed to P-bodies for 
degradation. However, if the 
complementarity is incomplete, 
then translation inhibition is 
induced and the mRNA 
preferentially targeted to stress 
granules (Strong, 2010). 

 

  



 
 

 
30 
 

Non-canonical pathway 

The advent of deep-sequencing technologies has led to the discovery of many miRNAs 

that are generated via alternative mechanisms, bypassing the usual Drosha/Dicer two-step 

processing (for in depth review see (Miyoshi et al., 2010)). In mammals four Drosha 

independent pathways have been identified, namely the mirtron pathway, small nucleolar 

RNA-derived, tRNA-derived and short hairpin RNA-derived pathways (Babiarz et al., 

2008; Ender et al., 2008; Saraiya and Wang, 2008). The most common of these replaces 

the microprocessor step with a splicing event to produce short hairpin introns known as 

mirtrons that can be transported by Exportin-5 and cleaved by Dicer (Ruby et al., 2007). 

Mirtrons are relatively uncommon compared to canonical miRNAs, but have been 

identified throughout the animal kingdom and there is evidence to suggest a particular 

importance of mirtrons in the primate nervous system (Berezikov et al., 2007). In 

addition, there are two Dicer independent miRNA processing pathways. These are very 

rare with a single miRNA (miR-451) known to be produced via direct pre-miRNA 

loading onto Ago2 and miRNA-like small RNA sequences generated from tRNAs, with 

RNaseZ cleavage of pre-miRNAs in place of Dicer (Cheloufi et al., 2010; Haussecker et 

al., 2010; Lee et al., 2009). 

 

1.3.3 miRNA mechanism of action 

RISC is a generic term for a family of heterogeneous complexes containing Ago proteins 

that are involved with gene silencing (Pratt and MacRae, 2009). Once incorporated into 

the RISC, mature miRNAs act as a guide to direct target recognition via base-pairing 

interactions with mRNA transcripts, which are often located in the 3’UTR region (Bartel, 

2009). The majority of animal miRNAs do not match their target sequences exactly, 
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however, nucleotides 2–6 of the miRNA are known as the “seed region” and are critical 

for target recognition (Lewis et al., 2005; Lewis et al., 2003). The extent of 

complementarity between a miRNA and its target mRNA sequence influences the 

downstream regulatory mechanism, with perfect matches leading to degradation, while 

mismatches result in translational repression. In humans the Ago2 protein catalyses target 

mRNA cleavage and subsequent degeneration of miRNA, although translational 

repression is the most prevalent mode of action for miRNAs in animals (Liu et al., 2004). 

The exact mechanism for repression remains unclear. There is evidence to support 

disruption of translation initiation, promotion of target mRNA deadenylation, 

sequestration of miRNAs and their targets to processing P-bodies and stress granules or 

RISC-mediated protein degradation after translation (Tang et al., 2008). 

 

1.3.4 MicroRNAs and Amyotrophic Lateral Sclerosis 

MiRNAs machinery has been found compromised in ALS. For instance the absence of 

processed miRNAs, due to Dicer deletion in spinal motor neurons, resulted in a mouse 

model with progressive paralysis, astrocytosis, and signs of axonopathy, classical features 

of ALS (Haramati et al., 2010). The authors identified a single miR-9-binding site on the 

neurofilament light polypeptide (NFLP) mRNA and observed that miR-9 was also 

downregulated in spinal muscular atrophy (SMA) models thereby suggesting direct 

evidence for miRNAs malfunction in motor neuron diseases. In another study, it was 

shown that the nuclear factor TDP-43, a major component of the inclusions in ALS, was 

found associated with Drosha complex, thereby involving miRNAs biogenesis. In TDP-

43−/− mice let-7b was downregulated, and miR-663 upregulated (Buratti et al., 2010). 

This phenomenon was correlated with the expression of FUS suggesting that this complex 
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acts as a cofactor involved in the biogenesis of a specific subset of miRNAs (Morlando 

et al., 2012). Several research groups acted as pioneers in the early characterization of 

miRNA involvement in ALS. Several studies have notably leveraged the SOD1-G93A 

mouse model for ALS (Gurney, 1994). A study performed in this model of familial ALS 

and subsequently validated in human ALS spinal cord tissues notably demonstrated 

strong expression of miR-155 (Koval et al., 2013). Furthermore, downregulation of miR-

155 in ALS mice using oligonucleotide-based miRNA inhibitors or anti-miRs 

significantly prolonged survival. Profiling primary microglia cell cultures purified from 

the model also revealed a plethora of differentially expressed miRNAs including miR-22, 

miR-155, miR-125b, and miR-146b (Parisi et al., 2013). The group notably highlighted 

the miR-125b-based modulation of TNFα in ALS. A recent study using the SOD1-G93A 

model reported strong expression of miR-29 in ALS brain and spinal cord even though 

its knockdown did not lead to significant improvements in ALS-associated clinical 

endpoints (Nolan et al., 2014). Studies on human samples have also been conducted and 

have revealed the potential importance of miRNAs in ALS. First, a postmortem analysis 

of tissues isolated from the spinal cord at the lumbar level by the group of Michael Strong 

(Campos-Melo et al., 2013) revealed that the expression of numerous miRNAs was 

altered in ALS patients. Pathway analysis showed that these miRNAs were implicated in 

nervous system functions and cell death. The use of two prediction algorithms revealed 

three miRNAs (miR-146a*, miR-524-5p, and miR-582-3p) capable of interacting with 

the 3′ UTR of the human low molecular weight neurofilament (NEFL) mRNA. A 

subsequent study from the same group revealed two additional miRNAs, miR-b1336 and 

miRb2403, capable of stabilizing NEFL transcripts in ventral lumbar spinal cord samples 

obtained from ALS patients (Ishtiaq et al., 2014). The presence of intraneuronal 
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neurofilamentous aggregates is a neuropathological hallmark of ALS, and reduced NEFL 

mRNA levels have been observed in degenerating spinal motor neurons. Motor neurons 

from the frontal cortex are also affected in ALS, and miRNA-related research to 

understand the role of these molecules in these cells is slowly emerging. Samples isolated 

form postmortem frontal cortex tissues of three ALS patients notably revealed an 

upregulation of miR-29a, miR-29b, and miR-338-3p (Shioya et al., 2010). However, due 

to a significant inter-individual variation, results were not subsequently validated by 

quantitative RT-PCR. Nevertheless, miR-338-3p upregulation in ALS patients has been 

also observed in blood leukocytes, CSF, serum, and spinal cord (De Felice et al., 2014). 

It is important to point out that skeletal muscle tissue represents another interesting source 

of potential biomarkers. Skeletal muscle mitochondrial dysfunction is believed to play a 

role in the progression and severity of ALS, and Russell et al. showed that miR-23a, miR-

29b, miR-206, and miR-455 expressions were increased in skeletal muscle of ALS 

patients (Russell et al., 2013). MiR-206 is required for efficient regeneration of 

neuromuscular synapses after acute nerve injury, which probably accounts for its salutary 

effects in ALS (Lin and Friedlander, 2010). Evidences indicated that, although mice 

genetically lacking miR-206 were able to engage normal neuromuscular synapses during 

development, deficiency of miR-206 in the ALS mouse model accelerates the disease 

progression, at least in part through the histone deacetylase 4 (HDAC4) (Williams et al., 

2009). HDAC4 is an important mediator neural activity action on muscle gene expression, 

and its expression is dramatically induced in muscles in response to denervation in ALS 

mice (Cohen et al., 2007). Remarkably, the phenotypes of miR-206 and HDAC4 mutant 

mice indicated that miR-206 and HDAC4 have opposite effects on retrograde signals 

required for the reinnervation. Bruneteau et al., investigated the role of the miRNA-206-
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HDAC4 axis and showed that miR-206 was upregulated in ALS long-term survivors but 

it did not correlate with disease progression or reinnervation (Bruneteau et al., 2013). 

Clearly, several miRNAs seem to underlie the pathogenesis associated with ALS. It is 

only logical to wonder if any of those could potentially be leveraged as non-invasive 

circulating biomarkers to diagnose ALS and its various subsets. 

 

1.3.5 MicroRNAs as appealing Biomarkers for ALS 

Interestingly, living neurons and other CNS cells secrete miRNAs and other small non-

coding RNAs into the extracellular space packaged in exosomes, microvesicles, or 

lipoprotein complexes. In addition, several studies have successfully isolated and 

quantified miRNAs from a variety of human body fluids including plasma or serum, 

urine, and saliva. Other factors positioning miRNAs as appealing biomarkers notably 

include their significant stability in body fluids as well as the relative ease of their 

detection given their well conserved sequences. These characteristics, coupled with the 

rapidly evolving improvements in technologies that allow for detection of RNA species 

from small amounts of biological material, have contributed to the strong interest 

dedicated towards the study of extracellular RNAs as potential biomarkers for 

neurodegenerative disorders. In a recent study, using the ALS mouse model SOD1-G93A, 

miR-206, involved in the maintenance of neuromuscular connectivity in ALS, was 

flagged as a potential circulating biomarker candidate as it exhibited strong upregulation 

in the serum of mice and ALS patients (Toivonen et al., 2014; Williams et al., 2009). 

MiR-206 upregulation was almost statistically significant in the presymptomatic stages 

of SOD1-G93A mice making it an interesting biomarker candidate for early diagnosis of 

ALS. This further reinforces the importance and challenges of identifying ALS-specific 
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circulating biomarkers to properly discriminate ALS from other CNS conditions. Recent 

work demonstrated that let-7 and miR-92 could notably differentiate ALS patients from 

patients diagnosed with relapsing-remitting multiple sclerosis, but not secondary 

progressive multiple sclerosis suggesting the latter possesses features present in other 

neurodegenerative diseases (Gandhi et al. 2013).  

TDP-43 aggregates are observed in most ALS cases (Neumann et al., 2006) and 

identifying a biomarker associated with this target has been explored by several research 

teams. Freischmidt et al. (Freischmidt et al., 2013; Freischmidt et al., 2015) reported 

altered expression levels of five out of nine TDP-43-binding miRNAs in CSF and serum 

samples of sALS cases including miR-143-5p/3p. However, these authors found a poor 

correlation between CSF and serum levels of these miRNAs suggesting an independent 

regulation of TDP-43-binding microRNAs in the serum and CSF. Nonetheless, as 

proposed by these authors, these findings might be relevant for an easily accessible 

biological assessment of TDP-43 levels as well as of miRNAs regulating its expression. 

With the aim to find blood miRNAs specific to ALS and that correlates between CSF and 

serum, the group of De Felice first investigated the changes in miRNA expression profiles 

in leukocytes from ALS patients using a microarray strategy (De Felice et al., 2012). 

Several miRNAs were differentially expressed including miR-149, miR-328, miR-338-

3p, miR-451, miR-583, miR-638, miR-665, and miR-1275. As mentioned previously, 

miR-338-3p overexpression was reported in frontal cortex tissues collected from three 

ALS patients (Shioya et al., 2010). Subsequent work was undertaken in a large cohort and 

showed an overexpression of miR-338-3p in blood leukocytes, CSF, serum, and spinal 

cord obtained from sALS patients (De Felice et al., 2014). MiR-338-3p expression was 

higher in ALS patients compared to healthy patients as well as to patients suffering from 
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other neurodegenerative disorders like PD, AD, and HD. Interestingly, miR-338-3p might 

relate with the higher glutamate levels observed in CSF of ALS patients described above. 

Indeed, one putative targets of deregulated miR-338p is the membrane-bound protein 

SLC1A2 which is the principal transporter that clears the excitatory neurotransmitter 

glutamate from the extracellular space at synapses in the CNS. Mutations and decreased 

expression of this protein are associated with certain forms of ALS (Rothstein et al., 

1995). 

Around the same time, the group of Weiner demonstrated that recruitment of 

inflammatory monocytes into the CNS played an important role in ALS progression 

(Butovsky et al., 2012). A thorough characterization of monocyte population was 

undertaken, and a unique miRNA signature within CD14+CD16− monocytes isolated 

from ALS patients with the SOD1 familial form was identified. This signature was similar 

to the one found in Ly6Chi monocytes from the mouse SOD1 model (Butovsky et al., 

2012). MiRNAs such as miR-27a, miR-155, miR-142-5p, miR-223, and miR-532-3p 

were highly expressed in ALS patients compared to healthy controls or patients diagnosed 

with multiple sclerosis. MiR-27a could differentiate multiple sclerosis from ALS patients. 

Nonetheless, the same group showed that three miRNAs: miR-27b, miR-146a, and 

miR532-3p that were commonly elevated in CSF samples of ALS patients, in monocytes 

and microglia from SOD1 mice and from human ALS patients with the sporadic and 

familial forms (Butovsky et al., 2012). This finding highlights that a combination of 

miRNAs could represent a more plausible signature instead of only one miRNA. 
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1.4 Myocyte Enhancer Factor 2 (MEF2) proteins 

1.4.1 Introduction 

The myocyte enhancer factor 2 (MEF2) proteins belong to the MADS (MCM-1-agamous-

deficiens-serum response factor) family of transcriptional regulators (Black and Olson, 

1998). The MEF family of transcription factors includes four distinct vertebrate genes 

(MEF2A-D) encoding MEF2 forms. MEF2A was the first MEF transcription factor to be 

identified (Yu et al., 1992) and then three additional mammalian MEF2 iso-types 

(MEF2B, MEF2C, MEF2D) have subsequently been described (Shalizi and Bonni, 2005). 

These transcription factors were originally identified, as their family name implies, on the 

basis of their role in muscle differentiation. However, many tissues express the four 

members of the MEF2 family, which are found in distinct but overlapping patterns in 

neurons (Lyons et al., 1995). All four MEF2 proteins are expressed in the cerebral cortex 

and olfactory bulb. MEF2D transcripts are found throughout the developing central 

nervous system (CNS) through adulthood (Lyons et al., 1995), in contrast with the other 

MEF2 proteins showing more restricted patterns of expression.  The expression pattern 

of MEF2C in the CNS is the most extensively characterized of the four MEF2 proteins; 

cortical expression of MEF2C protein is restricted to a subset of cortical neurons in layer 

II, IV and VI (McDermott et al., 1993). Interestingly, an alternative exon of MEF2C that 

extends the transactivation domain is expressed in the adult, but not in the developing 

cerebral cortex (Allen et al., 2002; McDermott et al., 1993). This alternative exon encodes 

a conserved phosphorylation site also present in MEF2A and MEF2D that negatively 

regulates MEF2 transcriptional activity (Gong et al., 2003). The reason for this 

developmental switch in MEF2C splicing has yet to be established, but it appears to 

render MEF2C sensitive to oxidative stress (Gong et al., 2003).  
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The MEF2 family is characterized by a MADS box and an immediately adjacent motif, 

namely MEF domain, which mediates DNA binding, dimerization and cofactors 

interactions (Black and Olson, 1998; McKinsey et al., 2002a). The MADS box is a highly 

conserved DNA-binding domain that targets proteins to A/T-rich sequences in gene 

regulatory regions (Figure 4).  

MEF2 is a transcriptional activator that cooperates with other transcriptional factors to 

drive the expression of its target genes. A large collection of cofactors regulate the 

functions of MEF2 proteins by direct physical interaction with MEF2: GATA, GRIP1, 

histone deacetylases (HDACs), MyoD, NFAT, p300 and thyroid hormone receptor. 
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Figure 4. Sequence comparison of MEF2 (myocyte enhancer factor 2) transcription factors from 

various species (h human). The aminoacid numbering corresponds to the hMEF2A sequence and 

the sequence identities (in percentages) are related to hMEF2A (100%). The three domains, 

namely MADS (MCM-1-agamousdeficiens-serum response factor), MEF2 and TAD 

(transactivation domain) are highlighted in red, green and blue, respectively. (Potthoff and Olson, 

2007). 
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1.4.2 Post-translational modifications and mechanisms of action of 

MEF2 transcription factors 

MEF2 proteins serve as endpoints for multiple signaling pathways and thereby confer 

signal-responsiveness to downstream target genes (Figure 5). MAP kinase signaling 

pathways converge on MEF2 factors in organisms ranging from yeast to humans (Dodou 

and Treisman, 1997; Han et al., 1997; Kato et al., 1997). Phosphorylation of the 

transcription activation domain of MEF2 by MAP kinases augments its transcriptional 

activity, and the MAP kinase ERK5 serves as a MEF2 coactivator through its signal-

dependent direct association with the MEF2 MADS domain (Yang et al., 1998). Indeed, 

MEF2 proteins are regulated by multiple phosphorylation events (McKinsey et al., 2002a; 

McKinsey et al., 2002b). The CDK5 and ERK5 can phosphorylate MEF2 proteins 

regulating directly MEF2 transcriptional activity (Gong et al., 2003; Kato et al., 2000). 

The p38 mitogen-activated protein (MAP) kinase (p38MAPK) also phosphorylates 

MEF2 in its transcriptional activation domain and thus stimulates its transcriptional 

activity (Zhao et al., 1999). 

The small ubiquitin-like modifier (SUMO) is structurally related to ubiquitin and is 

covalently linked to lysine residues of proteins through an amide chemical bond. 

Sumoylation has now emerged as an important post-translational mechanism regulating 

the expression of transcription factors and cofactors. The MEF2 family is subject to 

sumoylation (Grégoire and Yang, 2005), indeed sumoylation of MEF2C at lysine 391 

inhibits its transcriptional activity but does not block its DNA-binding activity. Of 

interest, the phosphorylation of serine 396 in MEF2C enhances its sumoylation in vitro.   
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Figure 5. MEF2 as a central regulator of differentiation and signal responsiveness. MAP kinase 

signaling activates MEF2. Calcium dependent signals also activate MEF2 by stimulating calcium-

dependent kinases that phosphorylate class II HDACs, thereby promoting their dissociation from 

MEF2 and derepressing MEF2 target genes. MEF2 recruits numerous co-factors to drive the 

differentiation of the various cell types shown. Although MAPK and HDAC signaling pathways 

have been implicated in the modulation of numerous MEF2-dependent developmental programs, 

these signaling pathways have not yet been shown to operate in all the cell types under MEF2 

control. 
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Moreover, the serine 396A mutation has also been shown to reduce sumoylation of 

MEF2C in vivo and to enhance the transcription activity of MEF2C in reporter assays. In 

conclusion, these results demonstrate that phosphorylation of MEF2C at serine 396 

facilitates its sumoylation with recruitment of co-repressors to inhibit transcription (Kang 

et al., 2006). 

Calcium signaling pathways also modulate MEF2 activity through multiple mechanisms. 

In this regard, the activity of MEF2 is tightly governed by class IIa HDACs, which 

associate with the MADS domain and promote the formation of multiprotein repressive 

complexes on MEF2-dependent genes (McKinsey et al., 2001; McKinsey et al., 2002a; 

McKinsey et al., 2002b). Numerous calcium-regulated protein kinases, including protein 

kinase D (PKD) and calcium calmodulin-dependent protein kinases (CaMKs) 

phosphorylate class II HDACs on a series of conserved serine residues. This 

phosphorylation promotes the nuclear-to-cytoplasmic shuttling of these HDACs and the 

subsequent activation of MEF2 (McKinsey and Olson, 2005; Zhang et al., 2002). The 

regulated phosphorylation of class II HDACs thus provides a mechanism for the 

modulation of MEF2 target genes in response to physiological and pathological signaling. 

 

1.4.3 MEF2 role in muscle differentiation 

Vertebrate skeletal muscle differentiation is regulated by the cooperative interactions of 

myogenic transcription factors with MEF2, and by signaling pathways that regulate 

MEF2 activity. MEF2 factors alone do not possess myogenic activity but, in combination 

with bHLH transcription factors, drive and amplify the myogenic differentiation program 

(Molkentin et al., 1995; Wang et al., 2001). In addition to regulating numerous muscle 

structural genes, vertebrate MEF2 proteins regulate the expression of myogenic bHLH 
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genes, such as myogenin, as well as other genes that encode transcription factors, thereby 

providing a positive feed-forward loop that perpetuates and amplifies the decision to 

differentiate (Cheng et al., 1993; Molkentin and Olson, 1996). Moreover, MEF2C 

activates the expression of the class IIa HDAC, HDAC9, thereby creating a negative-

feedback loop that modulates and restrains MEF2 from excessive activity (Haberland et 

al., 2007). This type of negative-feedback loop also confers signal responsiveness to 

MEF2-dependent gene programs through the regulated phosphorylation of class IIa 

HDACs. MEF2 establishes an additional level of myogenic regulation by regulating the 

expression of microRNAs, such as miR-1 and miR-133 (Sokol and Ambros, 2005; Zhao 

et al., 2005). Recently, several microRNAs were identified that affect skeletal muscle 

differentiation and proliferation. Interestingly, miR-1 has been shown to target class II 

HDACs (such as HDAC4) (Chen et al., 2006) to establish a positive feed-forward 

mechanism for MEF2 activation and skeletal muscle differentiation. This form of 

regulation, which enhances MEF2 activity, would oppose the direct activation of HDAC9 

expression by MEF2, which represses MEF2 activity, illustrating the multifaceted 

mechanisms that exist to modulate MEF2. Presumably, these different regulatory loops 

are differentially controlled during various stages of skeletal muscle development and 

postnatal muscle remodeling. Despite extensive studies of MEF2 in skeletal muscle in 

vitro, relatively little is known about the roles of MEF2 proteins in vertebrate skeletal 

muscle in vivo. During mouse embryogenesis, Mef2c is the first Mef2 gene to be 

expressed in the somite myotome (~E9.0), with Mef2a and Mef2d expressed about a day 

later (Edmondson et al., 1994). Global deletion of Mef2a or Mef2d has little or no effect 

on skeletal muscle development (Potthoff et al., 2007a; Potthoff et al., 2007b). Since 

Mef2c-null mice die around E9.5 (Lin et al., 1997), its role in skeletal muscle was not 
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examined until recently. Skeletal muscle deficient in Mef2c differentiates and forms 

myofibers during embryogenesis (Potthoff et al., 2007a; Potthoff et al., 2007b). However, 

on a C57BL/6 mixed genetic background, myofibers from mice with a skeletal muscle 

specific deletion of Mef2c rapidly deteriorate after birth owing to the occurrence of 

disorganized sarcomeres and to the loss of integrity of the sarcomere M-line (Potthoff et 

al., 2007a). Interestingly, similar results have been observed in zebrafish following the 

combined knockdown of mef2c and mef2d (Hinits and Hughes, 2007). Notably, the 

muscle-specific overexpression of a super-active MEF2 protein in mice does not drive 

premature skeletal muscle differentiation (Potthoff et al., 2007b), consistent with previous 

in vitro studies that have demonstrated that MEF2 is not sufficient to drive skeletal muscle 

differentiation (Molkentin et al., 1995). These results reveal a key role for MEF2 proteins 

in the maintenance of sarcomere integrity and in the postnatal maturation of skeletal 

muscle. 

 

1.4.4 MEF2 role in neuronal differentiation and survival 

MEF2 proteins are highly enriched in neurons and exhibit distinct patterns of expression 

in different regions of the brain (Lyons et al., 1995), where they protects neurons from 

apoptotic death (Mao et al., 1999). Recently it was shown that MEF2 proteins regulate 

dendrite morphogenesis, differentiation of post-synaptic structures (Shalizi et al., 2006) 

and excitatory synapse number (Flavell et al., 2006). In addition, dephosphorylation of 

MEF2 by calcineurin regulates the expression of activity-regulated cytoskeletal-

associated protein (Arc) and synaptic RAS GTPase-activating protein (synGAP; also 

known as Syngap1) (Flavell et al., 2006). ARC and synGAP play important roles in 

synaptic disassembly by promoting the internalization of glutamate receptors (Flavell et 
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al., 2006) and by inhibiting Ras-MAP signaling (Vazquez et al., 2004), respectively. In 

response to activity dependent calcium signaling, calcineurin dephosphorylates MEF2 at 

serine 408, signaling a switch from the sumoylation to the acetylation of its residue lysine 

403. This change restricts the numbers of synapses that form (Flavell et al., 2006) and 

inhibits dendritic claw differentiation (Shalizi et al., 2006) through the activation of the 

orphan nuclear receptor Nur77 and of Arc and synGAP. Thus, specific signaling events 

modulate gene expression by post-translationally modifying MEF2 to control synapse 

development and plasticity. The functions of individual MEF2 proteins and their roles in 

synaptic differentiation and disassembly in vivo have yet to be examined. Based on recent 

literature, however, MEF2 appears to play a role in synaptic plasticity, suggesting an 

important role for these proteins in learning and memory. 

 

1.4.5 MEF2 role in T-cell development 

The development and activation of thymocytes (T-cells) is a highly regulated process that 

requires multiple signaling cascades to direct changes in gene expression that alter T-cell 

state or fate. NUR77 is a crucial mediator of T-cell receptor (TCR)-induced apoptosis, 

and TCR-induced expression of NUR77 is mediated through two MEF2 sites in the Nur77 

promoter (Youn et al., 1999). In unstimulated T-cells, MEF2 is associated with 

transcriptional co-repressors, such as HDAC7 and Cabin1, which inhibit Nur77 

expression (Dequiedt et al., 2003). Following TCR activation, HDAC7 becomes 

dissociated from MEF2 through nucleus-cytoplasmic shuttling. Phosphorylation of 

HDAC7 by PKD1 recruits proteins 14-3-3 and translocates HDAC7 to the cytoplasm, 

allowing the activation of MEF2 (Parra et al., 2005). Conversely, HDAC7 is 

dephosphorylated by protein phosphatase 1β (PP1β; also known as PPP1CB) and myosin 
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phosphatase targeting subunit 1 (MYPT1; also known as PPP1R12A), which are 

components of the myosin phosphatase complex that promote HDAC7 nuclear 

localization and repression of NUR77 expression (Parra et al., 2005). Therefore, 

regulation of MEF2 activity by association with transcriptional repressors is highly 

regulated in T-cells, and demonstrates the importance of MEF2-HDAC signaling in T-

cell development, differentiation and thymocyte selection (Kasler and Verdin, 2007). 

 

1.4.6 MEF2 and Neurotrophins 

Neurotrophins (NTs) have profound effects on the development of the CNS and regulate 

differentiation, survival, and adaptive responses of neurons. Indeed, NTs protect many 

types of neurons from apoptosis both during development and in the adult (Levi-

Montalcini and Booker, 1960). NTs including nerve growth factor (NGF), brain-derived 

neurotrophic factor (BDNF), NT3, NT4/5, and NT6 bind to and activate specific receptor 

tyrosine kinases of the Trk family (Snider and Wright, 1996). Upon binding to and 

activating Trk, NTs can activate several intracellular signaling transduction systems 

including the phosphatidylinositol 3-kinase, protein kinase C, and extracellular signal-

regulated kinase 1/2 (ERK1/2) pathways (Segal and Greenberg, 1996).  

BDNF is a neurotrophin involved in several aspects of neuronal and extra-neuronal life. 

It is synthesized as precursor protein, pro-BDNF, packed into secretory vesicles and 

released constitutively and upon stimulation. Cleavage by proteases, such as furin or 

proconvertases, produces mature neurotrophins. BDNF exerts its functions mainly at the 

synaptic cleft, through interaction with two types of receptor: the TrkB receptor and the 

p75 neurotrophin receptor (p75NTR). In adult brains, mature BDNF predominantly 

interacts with TrkB inducing neuronal survival and synaptic plasticity. On the other hand, 
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pro-BDNF binds with higher affinity to p75NTR, a member of the tumor necrosis factor 

superfamily of receptors, prompting apoptosis and a shrinkage of dendritic spines.  

Neurotrophins, and in particular way BDNF, are regulated by a wide range of different 

factors, including MEF2 proteins. Although the regulation of BDNF-MEF2 is very 

complex and only partially understood, recently some new evidences have emerged to 

clarify this mechanism. BDNF promote neuronal survival through stimulation of MEF2C, 

which has been largely attributed to its direct phosphorylation by extracellular signal-

regulated kinases (ERK). Indeed, ERK1/2 and ERK5 are directly required for both the 

transcriptional and neuroprotective activity of MEF2 proteins in cortical neurons 

stimulated by BDNF (Cavanaugh et al., 2001; Liu et al., 2003; Shalizi et al., 2003; Wang 

et al., 2007). Moreover, Finsterwald and collaborators provided new details about BDNF-

MEF2 regulation, directly involving the class II HDACs. They showed that BDNF 

induces the expression, phosphorylation and translocation of salt-inducible kinase 1 

(SIK1) in cortical neurons through the ERK1/2 signaling pathway and that these effects 

were followed by the phosphorylation and nuclear export of HDAC5, leading to the 

activation of MEF2-mediated transcription (Finsterwald et al., 2013). However, this is 

not a one-way regulatory system and many evidences are present in the literature 

suggesting that MEF2D and MEF2C are not only induced by neurotrophins, but they are 

able to directly regulate BDNF expression (Flavell et al., 2008; Lyons et al., 2012; Pazyra-

Murphy et al., 2009). In conclusion, the BDNF-MEF2 regulation system is a very 

complex molecular pathway not yet completely understood; but since BDNF and others 

neurotrophins have already been investigated in ALS [see below the paragraph 1.4.7 

“Neurotrophins in ALS”], a possible role for MEF2 proteins in this neuromuscular 

disease could be hypothesized. 
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1.4.7 Neurotrophins in ALS 

Various post mortem studies have been conducted in spinal cord and CNS of ALS patients 

in order to test the potential role of neurotrophins in motor neuron degeneration. ALS 

spinal motor neurons showed reduced neurotrophin-3 (NT-3) immunoreactivity 

compared to controls (Duberley et al., 1997) and changes in the receptors for BDNF were 

identified as well (Seeburger and Springer, 1993). Regarding the influence of 

neurotrophins on motor neuron growth and survival, in vitro studies showed BDNF to 

promote survival of motor neurons (Henderson et al., 1993). The same capability was 

demonstrated in vivo, in animal models of motor neuron death and peripheral nerve 

damage (Koliatsos et al., 1993; Meyer et al., 1992; Novikova et al., 1997; Sendtner et al., 

1992; Yan et al., 1992) and of motor neuron degenerative disease (Ikeda et al., 1995; 

Mitsumoto et al., 1994; Sendtner et al., 1992). Animal studies also demonstrated the 

survival promoting properties of neurotrophic factors other than BDNF in motor neurons 

(Henderson et al., 1993; Sendtner et al., 1990). Taken together these observations 

emphasize the potential importance of neurotrophic factors in ALS and prompted clinical 

trials of systemically administered neurotrophic factors. Intrathecal infusion of BDNF 

was proved safe and feasible by a phase I/II clinical trial (Ochs et al., 2000), however a 

randomized, double-blind, placebo-controlled phase III study (1999) failed to 

demonstrate a statistically significant survival effect of BDNF in ALS.  
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1.5 Aim of the Study 

Amyotrophic lateral sclerosis (ALS) is a fatal neuro-degenerative disease caused by the 

loss of both upper and lower motor neurons. Although the specific mechanisms 

underlying the pathogenesis of disease remain elusive, motor neuron death in ALS is the 

culmination of multiple aberrant biological processes, including derangements in 

cytoskeletal protein composition, mitochondrial dysfunction, impaired calcium and 

glutamate homeostasis, and enhanced oxidative injury. A major shift in our understanding 

of ALS pathogenesis occurred in 2006 with the identification of a 43-kDa transactive 

response (TAR) DNA-binding protein (TDP-43) as a key pathological substrate of 

cellular inclusions in sALS and non-SOD1 fALS (Neumann et al., 2006). It was soon 

followed in 2008 by the successful discovery of dominant mutations in the TDP-43 gene 

as a primary cause of ALS (Sreedharan et al., 2008), thus providing the proof of principle 

that aberrant TDP-43 can trigger neuronal degeneration and cause ALS. The 

identification of TDP-43 mutations was followed in tandem by the discovery of mutations 

in another RNA/DNA-binding protein, FUS in 2009, as a primary cause of fALS 

(Kwiatkowski et al., 2009). These findings have definitively confirmed that perturbations 

in the processing of RNA from gene transcription through degradation (RNA 

metabolism) may contribute to the motor neuron degeneration representing a key 

biological aspect of ALS pathogenesis.  

 

In particular way, this study is focused on the role of two particular events of RNA 

metabolism.  

The first one is concerning the involvement of microRNAs (miRNAs) in ALS. Since 

TDP-43 and FUS play a critical role in miRNAs biogenesis (Starega-Roslan et al., 2011), 
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these small non coding RNA molecules have been proposed to assume some important 

functions potentially involved in the pathogenesis of disease. Studies on human samples 

have been conducted and have revealed the potential importance of miRNAs in ALS. A 

postmortem analysis of tissues isolated from the spinal cord at the lumbar level by the 

group of Michael Strong (Campos-Melo et al., 2013) revealed that the expression of 

numerous miRNAs was altered in ALS patients and pathway analysis showed that these 

microRNAs were implicated in nervous system functions and cell death. Moreover, 

miRNAs alterations have also been found in leukocytes, serum and CSF (Butovsky et al., 

2012; De Felice et al., 2014; De Felice et al., 2012; Freischmidt et al., 2013; Freischmidt 

et al., 2015) suggesting their potential usefulness as biomarkers. In this study we have 

investigated a panel of miRNAs in different SOD1(G93A) ALS models and in peripheral 

cells derived from sporadic ALS patients with the aim, not only to identify a potential 

their altered expression levels, but with the purpose to find a subgroup of miRNAs 

differentially expressed in a common manner in all the ALS models employed for the 

study. Since the sporadic and the familial form of ALS are clinically indistinguishable, 

they are characterized by very different histopathological hallmarks. For this reason, the 

opportunity to discover a possible subset of miRNAs differentially expressed in a 

common manner in different disease models, could let to identify a possible nodal event 

conserved in both these two different forms of disease. Furthermore, since miRNAs are 

stable and well dosable in blood and maintain a different expression profile in patients 

with respect to controls, they could be employed as disease biomarkers to facilitate 

diagnosis and follow up of disease. 

The second part of the study concerns the assessment of a family of transcriptional factors 

in the ALS field. MEF2D and MEF2C are members of MEF2 family and play important 
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role both in muscle and in neurons. For this reason a possible their involvement in a 

neuro-muscular disease as ALS could be hypothesized. Recently, increased MEF2C 

mRNA levels have been shown in transgenic SOD1G93A mice and similar results were 

observed after denervation in skeletal muscle cells obtained from wild type mice (Calvo 

et al., 2012), highlighting the importance of myogenic potential to compensate muscle 

damage induced by the neurodegenerative process. To date, no data exist about the 

expression and the function of MEF2D and MEF2C in ALS patients. Considering that the 

transcriptional activity of each tissue-specific MEF2 isoform on the responsive reporter 

elements is conserved in different cell lines (Sekiyama et al., 2012), we choose to 

investigate MEF2D and MEF2C gene and protein expression levels in peripheral blood 

mononuclear cells (PBMC), an easily accessible and widely used experimental tool able 

to recapitulate some typical pathological features previously found within CNS of ALS 

patients. MEF2 proteins could represent a novel potential pathological mechanism, still 

unexplored, inserted in the ambit of the transcriptional alterations in amyotrophic lateral 

sclerosis. 
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2.1 Abstract 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that specifically 

affects upper and lower motor neurons leading to progressive paralysis and death. 

Currently, no effective treatments is available. Thus, the identification of the signaling 

pathways and cellular mediators involved in ALS remains a major challenge in the search 

for novel therapeutics. 

Recent studies have shown that microRNA have a significant impact on normal central 

nervous system (CNS) development and on onset and progression of neurological 

disorders. Based on this evidences, in this study we tested the hypothesis that 

misregulation of miRNA expression could play a role in the pathogenesis of ALS. Hence, 

we exploited human neuroblastoma cell lines expressing SOD1(G93A) mutation as tools 

to investigate the role of miRNAs in familiar ALS. To this end, we initially checked the 

key molecules involved in miRNAs biogenesis and processing in these cells and we found 

a different protein expression pattern. Subsequently, we performed a genome-wide scale 

miRNA expression, using whole-genome small RNA deep-sequencing followed by 

quantitative real time validation. This strategy allowed us to find a small group of altered 

miRNAs, which were predicted to play a role in the motorneurons physiology and 

pathology. We measured this group of deregulated miRNAs by real time PCR in 

transgenic mice expressing the pathogenic protein SOD1(G93A) and furthermore in 

lymphocytes obtained from a group of sporadic ALS patients. We found that mir129-5p 

was up-regulated in cells, mice and in patients and we validated HuD as mir129-5p target. 

Previously, it has been reported that ELAVL4/HuD plays a role in neuronal plasticity, in 

recovery from axonal injury and multiple neurological diseases. Furthermore, we 

generated stable cell line over-expressing mir129-5p and we found a reduction in neurite 
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outgrowth and in the expression of differentiation markers with respect to control cells. 

Taken together these data strongly suggest that microRNAs play a role in ALS 

pathogenesis and in particular, that mir129-5p can affect neuronal plasticity by 

modulating ELAVL4/HuD level. 
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2.2 Introduction 

ALS is a progressive, fatal neurodegenerative disorder characterized by loss of 

motorneurons from the spinal cord and motor cortex that leads to death within 2-3 years 

of onset (Cleveland and Rothstein, 2001). It is one of the most common motor neuron 

diseases occurring 1.7 ~ 2.3 out of 100,000 person per year worldwide (Beghi et al., 

2006). The symptoms of ALS usually starts after 50 years of age, but it can also occurs 

in younger people. Usually, the disease onset occurs with the degeneration of specific 

subsets of motor neurons. Then, ALS progressively spreads to neighboring motor neurons 

and leads to atrophy of associated muscle tissues (Pratt et al., 2012). The genetic and 

environmental causes of ALS are still under investigation, but about the 90% of ALS 

cases are sporadic or caused by unknown genetic factors. So far about only 10% of cases 

can be traced to genetic factors (Al-Chalabi et al., 2012). The most well known genetic 

cause of ALS are mutations in Cu/Zn Super Oxide Dismutase 1 (SOD1) gene (Rosen et 

al., 1993). Only recently, with advanced genomic screening tools, several other genes 

associated to ALS have been identified including TAR DNA-binding protein (TDP-43), 

FUS, ALS 2 (ALS2), neurofilament heavy peptide (NEFH); (Al-Chalabi et al., 2012) and 

C9ORF72 (DeJesus-Hernandez et al., 2011; Renton et al., 2011). While C9ORF72 has 

been identified as the most prevalent mutation among ALS patients, with 40% of fALS 

patients carrying the mutation (Majounie et al., 2012), the abundance and variety of 

identified SOD1 mutations have made this a widespread experimental paradigm (Renton 

et al., 2011). Although the pathological characteristics of ALS are well defined, the 

cellular and molecular mechanisms linked to mutation of these genes and responsible of 

disease onset, are still under investigation. 
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MicroRNAs (miRNAs) are endogenous non-coding single-strand RNA molecules that 

play important roles in eukaryotic gene expression through posttranscriptional regulation 

(Bartel, 2009). They mainly bind to the 3′-untranslated region (3′-UTR) of messenger 

RNAs (mRNAs) and lead the target to gene silencing by mRNA cleavage, translational 

repression and deadenylation (Huntzinger and Izaurralde, 2011). MiRNAs are involved 

in a variety of physiological phenomena and diseases (Kim et al., 2009). In diseases 

affecting the central nervous system the loss of Dicer, a key regulator of miRNA 

biogenesis, induces neurodegeneration suggesting that miRNAs may play important roles 

in neurological disorders (Cuellar et al., 2008; Schaefer et al., 2007). Indeed, while the 

role of individual miRNAs in neurological disorders is not yet fully understood, there are 

growing evidences that miRNAs play a critical role in neurological disorders, such as 

miR-206/miR-153 in Alzheimer’s disease (Lee et al., 2012; Liang et al., 2012), miR-

34b/miR-9/miR-9* in Huntington’s disease (Gaughwin et al., 2011; Packer et al., 2008), 

miR-128a/miR-24/let-7b in mood disorder (Zhou et al., 2009), miR-189 in Tourette’s 

syndrome (Abelson et al., 2005), miR-9 in SMA (Haramati et al., 2010), miR-206/miR-

338-3p/miR-451 in ALS (Butovsky et al., 2012; De Felice et al., 2012; Williams et al., 

2009), miR-21/miR-431/miR-138 for axonal regeneration for sensory neurons (Liu et al., 

2013; Strickland et al., 2011; Wu and Murashov, 2013), and miR-133b/miR-21 for spinal 

cord injury (Hu et al., 2013; Yu et al., 2011). However, pathological contribution of 

individual miRNAs to each of these diseases is still under investigation. Especially, our 

knowledge about the role of miRNAs in motor neuron diseases is very limited. This could 

be due to the complexity of the nervous system and the technical difficulties of studying 

neurological disorders. MicroRNAs have also demonstrated their potential as non-

invasive biomarkers from blood and serum for a wide variety of human pathologies as 
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well as neurodegenerative diseases (Keller et al., 2011). Concerning ALS, miRNAs 

expression in white blood cells from sporadic ALS patients appears to exhibit distinct 

expression patterns during disease progress. miRNA profiling data from 14 patients and 

14 controls showed that expression of miR-338-3p is increased and expression of seven 

other miRNAs is decreased in leukocyte from ALS patients (De Felice et al., 2012). 

Moreover, another recent publication reports that miR-206 was found increased in the 

circulation of symptomatic animals and in a group of 12 definite ALS patients and it 

suggests that may be an interesting potential candidate as a biomarker. To further 

characterize the roles of miRNAs in ALS pathogenesis and their potential use as 

biomarkers and, hopefully, also targets for new therapy in ALS, an accurate profiling of 

miRNAs expression in different experimental ALS models is necessary. Here, we present 

a characterization of miRNAs expression in a cellular SOD1(G93A) ALS-linked model. 

First, we have analyzed by Western Blot the expression of crucial factors involved in 

miRNA biogenesis and processing and we have observed an altered expression pattern 

between mutated cells and control cells. Afterwards, we used the RNA high throughput 

sequencing to obtain the miRNA profile of SOD1(G93A) cells and we identified a small 

subset of deregulated miRNAs that we have subsequently analyzed in SOD1(G93A) 

mice. In order to identify a common signature between familial and sporadic ALS, we 

assessed the expression level of mir129-5p and mir200c, which we previously found 

upregulated in SOD1(G93A) cells as well as in mice, in PBMCs obtained from sporadic 

ALS patients. We observed that mir129-5p was upregulated in cells, mice and PBMCs 

and we validated ELAVL4/HuD as novel mir129-5p target. Furthermore, we generated 

stable cell line overexpressing mir129-5p and we found a reduction in neurite outgrowth 

and in the expression of differentiation markers in compare to control cells. Taken 



 
 

 
67 
 

together these data strongly suggest that microRNAs play a role in ALS pathogenesis and 

in particular, that mir129-5p can affect neuronal plasticity by modulating ELAVL4/HuD 

levels. 
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2.3 Materials and Methods 

RNA high throughput sequencing 

Human neuroblastoma SHSY-5Y cells untransfected or stably transfected with cDNA 

coding for wild type SOD1 or the mutant SOD1(G93A) were sequenced by whole-

genome small RNA deep-sequencing (sRNA-seq) using Solexa system. For the statistical 

analysis (performed by Dr. R. Calogero, Bioinformatics and Genomics Unit, University 

of Turin) were considered only those reads that will be greater than 10 nucleotides. 

 

Cell cultures, transfections and drug 

Human neuroblastoma SHSY5Y cells untransfected or stably transfected with cDNA 

coding for wild type SOD1 or the mutant SOD1(G93A) were maintained in Dulbecco’s 

modified Eagle’s Medium supplemented with antibiotics (100 U/mL streptomycin and 

100 µg/Ml penicillin), 2,5 mM L-Glutamine and 10% Fetal Bovin Serum at 37 °C with 

5% CO2 . SOD-1 stably transfected cells were also maintained in the presence of 400 

µg/mL of Geneticin (G418 sulphate, prepared as 40 mg/ml stock solution in water). Cells 

were fed every 2-3 days and passed once a week. All reagents were supplied by 

Euroclone. 

For the luciferase assay experiments, 1,5 X 105 SHSY5Y cells were seeded in a 24 

multiwell, and the next day plasmids (a total of 1,2 µg) were co-transfected using 

Polyethylenimine (PEI, Sigma, 100 mM in H2O pH 7.00) according to the manufacturer’s 

instruction. 

For differentiation treatment, cells were incubated with Retinoic Acid 10uM for 6 days 

before collecting. 
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PBMCs isolation 

PBMCs were isolated from whole blood by Ficoll-Histopaque (GE Healthcare) density 

gradient centrifugation. Briefly, blood samples were diluted with the same amount of 

saline solution, layered on Ficoll-Histopaque and centrifuged (490xg, 30 min, room 

temperature). PBMCs were collected from the interface between plasma and Ficoll-

Histopaque, washed with saline solution, aliquoted and stored at -80°C. 

 

RNA extraction reverse-transcription and Quantitative Real-Time PCR assay 

(qPCRs)  

SYSH5Y cells were seeded on 10 cm plates, and 24 hours after plating RNAs were 

extracted using TRIzol Reagent (Invitrogen) and subsequently purified using silica 

membrane spin columns from RNeasy Mini Kit (Quiagen). RNA quantity and purity were 

assessed using a NanoDrop instrument (Thermo Fisher Scientific Inc.). 2 µg of total RNA 

were reverse-transcribed using the random hexamers-based High Capacity cDNA 

Reverse-Transcription Kit (Applied Biosystem), according to manufacturer’s 

instructions. 

In order to validate the microarray data regarding HOXC10, CACNG2 and ELAVL4 gene 

levels downregulation, qPCRs were performed in a final volume of 20 µl with SYBR 

Green qPCR master mix (Applied biosystem), 1 µl cDNA diluted (1:50), and 0,5 µM of 

each primer. The primers used for CACNG2 genes were: forward: 

5’CTCTCTACTCCCACCCCTTG3’; reverse: 5’GCTCTGCTCCGTCTTGATTT3’; for 

HOXC10 were: forward: 5’ACTCGAGAAGATGCCGGATAATCGG3’; reverse: 

5’ATCTAGTCAGCTGTCAAGAGGAAGC3’. 
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Normalization of cDNA loading was obtained running all samples in parallel using 

human GAPDH as housekeeping gene. The primers for GAPDH were: forward: 

5’ACGGATTTGGTCGTATTGGG3’; reverse: 5’TGATTTTGGAGGGATCTCGC3’. 

The amplification protocol was as follow: an initial denaturation and activation step at 95 

°C for 10 min, followed by 40 cycles of 95 °C for 15 s, 60 °C for 1 min and 95 °C for 15 

s. Normalization of the target amplification over the normalize was performed using 

Excel software. 

 

miRNA extraction, reverse transcription and qPCR for SHSY5Y cells and PMBCs 

The pellet of PMBCs was lysed by adding 1 ml of Trizol. In order to obtain a microRNA-

enriched fraction the aqueous phase was processed using the Absolutely RNA miRNA 

kit (Agilent Technologies) according to the manufacturer's protocol. 

The microRNA from SHSY5Y cells were extracted using the Absolutely RNA miRNA 

kit (Agilent Technologies) according with the protocol. 

2 µg of miRNA were used for retro-transcribing reaction that was performed using an 

homemade miRNA detection kit. Essentially in the retrotrascription reaction a poly-A tail 

is added to the mature microRNA template by E. coli Poly(A) polymerase (New England 

Biolabs); cDNA is synthesized by the Affinity-script polymerase (New England Biolabs), 

using a poly-T primer with a 5’ universal tags and a 3’ a degenerate anchor. The cDNA 

template is then amplified using a micro-RNA specific forward primer and a universal 

reverse primer (that is complementary to the universal tag). SYBR Green (MESA 

GREEN qPCR MasterMix Plus) is used for detection. 
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List of specific forward primers: 

 

SHSY5Y data were normalized on SnoRD25, mice miRNAs were normalized on 

RNU1A1 while PMBCs miRNA expression were normalized on mir-16 and Snord25 

expression level. 

 

Extraction, Reverse transcription and qPCR for RNA extracted from spinal cord of 

ALS mice. 

The RNA isolation was carried out using TRIZOL reagent retrotranscribed according to 

the protocol. 5 ng of template RNA samples were amplified using the miRCURY LNA 

TM Universal RT microRNA PCR (Exiqon) according to the manufacturer's protocol. 

Quantitative PCR was performed on a customized Pick & Mix PCR panels which consist 

of 96-well PCR plates containing a selection of dried down microRNAs LNA TM PCR 

primer sets. 
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Plasmids and cloning 

The pre-miR 129 expressing plasmid in pMir and the HOXC10 3’UTR Reporter Clone 

in pMir Target were purchased from Origene. The CACNG2 and ELAVL4/HuD UTR 

regions were amplified using the Phusion Hot Start High-Fidelity DNA Polymerase 

(Finnzymes) according to manufacturer’s instructions. The human genomic DNA 

extracted from HeLa cells was used as the template in the PCR reactions. The sequences 

of the oligos used in this PCR reaction were: CACNG2 UTR forward: 

5’TCCACTCCAACACAGCCAAC3’; Reverse: 

5’CTTACGCGTTTGTTTTCTTCCCTCGTTTA3’. ELAVL4/HuD UTR Forward: 

5’CCAACAAAGCCCACAAGTCCTGA3’; Reverse: 

5’ATTACGCGTATGTCATCAGGTATCCCCCT3’. The resulting PCR products were 

purified and cloned into the pGEM T Easy Vector system (Promega). The insert was 

verifies by nucleotide sequencing. 

 

Bioinformatic miRNA target prediction 

The target mRNA that have the potential binding sites for individual miRNAs were 

identified by searching them on public databases endowed with prediction algorithms, 

such as TargetScan, PicTar, miRBase, Miranda, Diana Lab. 

 

Protein extracts and immunoblotting 

Cells on 10 cm plate were washed once in PBS 1X (Euroclone) and then lysed in 100 µl 

of cold Lysis Buffer (Tris HCl 50 mM pH 7,5, NaCl 150 mM, 1% NP40, 5 mM EGTA) 

with protease inhibitors (Roche) and phosphatase inhibitor (Sigma-Aldrich). The samples 

were put on ice for 20 min and then centrifuged at 15000 rcf for 15 min at 4°C, and the 
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supernatant were collected. An aliquot of the cell lysate was used for protein analysis with 

the Comassie protein assay reagent for protein quantification. 

Protein were separated in 8% and 10% SDS-polyacrylamide gels (classic Laemli 

conditions) and transferred to nitrocellulose membranes (Whatman GmbH), in normal 

Transfer Buffer (25 mM Tris, 192 mM Glicine, 20% Methanol) at 100 Volts for 2h or in 

High Molecola Weight protein (25 mM Tris, 192 mM Glicine, 10% Methanol and 0,1% 

SDS) at 15 Volts overnight. Membrane were blocked using 5% non fat dried milk in 

PBST (0,1% (v/v) Tween 20 in 1X PBS) for 1h at room temperature or overnight at 4 °C. 

After washing 3 times with PBST, membranes were incubated with peroxidase- 

conjugated secondary antibody anti-mouse IgG (Cell signaling, 1:3000 dilution) or anti-

rabbit IgG (Cell signaling 1:8000 dilution), in PBST with 5% non fat dried milk for 1h at 

room temperature. 

After washing as above, the chemio-luminescent signals developed by ECL reagents 

(Millipore) were detected using Li-cor technology Biosciences. 

Quantification of signals were performed using Li-cor technology software, each band 

value were normalized on the corresponding housekeeping band intensity, thus obtaining 

relative intensity values. 

 

Antibodies 

The antibodies used for immunoblotting were: Rabbit polyclonal anti Hoxc10 (AVIVA 

ARP39274_P050 1:1000 dilution); rabbit polyclonal anti CACNG2 (AVIVA 

ARP35189_050 1:1000 dilution); mouse monoclonal anti HuD (SC48421, 1:2000 

dilution); goat polyclonal anti LDH (Abcam 1222 1:1000 dilution); goat polyclonal anti 

Drosha (sc31159, 1:500 dilution); mouse monoclonal anti Dicer (sc136980 1:500 
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dilution); rabbit polyclonal anti TAF15 (bethyl A300-308 1:1000 dilution); rabbit 

polyclonal anti EWS (bethyl A300-418 1:1000 dilution); mouse monoclonal TDP43 

(sc100871 1:1000 dilution); rabbit polyclonal anti FUS (home.made 1:5000 dilution); 

rabbit polyclonal anti Exportin 5 (sc-66885 1:5000 dilution). All the antibodies were 

diluted in PBS-Tween 0,01%- MILK 5%. 

 

Luciferase reporter assays 

1,5 X 105 human neuroblastoma SHSY5Y cells, stably over-expressing the SOD1-WT or 

the SOD1(G93A) variant, were seeded in 24 multiwells as described above. 24h hours 

after seeding, cells were co-tranfected with a total of 1,2 µg of plasmid DNA composed 

of a constant amount of Renilla expression vector pRL-TK (50ng/well, Promega) and a 

variably amount of pMiR vector containing the pre-miRNA and a variably amount of 3’ 

UTR Reporter Clone in pMir Target containing the Firefly luciferase which expression is 

driven by SV40 Promoter. The two vectors were transfected in different proportion: 1:3, 

1:1, 3:1. The experiment were carried out in duplicate. Luciferase expression was 

maintained for 24 hours, and then cells were lysed in 100 µg/well of the Passive Lysis 

Buffer 1X according to manufacturer’s instructions. To obtain a complete lysis, cells were 

subjected to a freeze-thaw cycle. 10 µl of lysates were used to the luciferase assays, which 

was carried out using the Dual-Luciferase Reporte Assay System (Promega) and a 

Berthold luminometer (Berthold Inc.) The relative luminescence units (RLUs) were 

obtained normalizing the Firefly luciferase reading to the corresponding Renilla 

luciferase readings. 
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2.4 Results 

Proteins involved in miRNAs biogenesis and processing are differentially expressed 

in SHSY5Y SOD1(G93A) cells. 

It has been previously reported that in different neurodegenerative disorders there is an 

impairment of proteins involved in miRNAs biogenesis and processing (Bicchi et al., 

2013). Moreover, two ALS associated genes FUS and TDP43 are directly involved in 

miRNAs biogenesis pathway (Gregory et al., 2004). In particular way, TDP-43 is a 

component of the Dicer and Drosha complexes and more recently, it has been shown that 

FUS promotes biogenesis of specific miRNAs via the recruitment of Drosha to primary 

miRNA transcripts. In order to unravel the impact of miRNAs in ALS pathogenesis we 

exploited human neuroblastoma cell lines expressing SOD1(G93A) mutation and SOD1-

WT as ALS familiar model. First, we analyzed by Western Blot analysis the protein levels 

of some of the key players involved in miRNA biogenesis and processing (Figure 1A and 

1B). In particular, we analyzed Drosha and its cofactor DCRG8, that process pri-miRNA 

in pre-miRNA and we found a slight decrease of about 0,5-1,5 fold change for both 

proteins in mutant cells. EWS and TAF15, the two proteins that together with FUS 

compose the FET family (known Drosha interactors), were found increased of about 1-2 

fold change in SOD1(G93A) cells in comparison with wild type cells, while FUS and 

TDP43 do not show any change. Intriguingly, we found different proteins level also 

concerning Dicer, the RNAseIII enzyme that leads pre-miR to mature microRNA, that 

resulted 2-3 fold change increased. We analyzed also the protein level of Exportin 5, but 

we did not find any changes. These results shows that in our model system there is an 

impairment of the biogenesis and processing complex that realistically has an impact on 
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miRNA levels, but further analysis will be necessary to understand the mechanisms 

underlying this alteration. 

  



 
 

 
77 
 

Figure 1 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
     
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 1: Analysis of proteins involved in microRNA biogenesis by Western Blot. (A) In the first and 

second lane are shown protein levels of SHSY5Y SOD1-WT and SOD1(G93A) respectively. Proteins were 

detected using Li-cor Technology. (B) Semi-quantification of proteins detected. Data were normalized to 

GAPDH amount for protein with low molecular weight and vinculin for protein with high molecular weight. 

A 
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The expression of a subset of miRNAs is modified in an in vitro ALS model.  

The different protein pattern of miRNA regulators suggested a misregulation in miRNAs 

expression. Different approaches can be used to assess microRNAs. As a first screening, 

we used a computational identification inferred from the expression changes in their 

putative mRNA targets. Previously, in the laboratory of Prof. Barabino, it was performed 

a whole-genome splicing sensitive microarray analysis of human neuroblastoma cell line 

(SHSY5Y) stably expressing wild-type SOD1 (SOD1-WT) versus cells expressing a 

pathogenic mutation (SOD1-G93A) (Lenzken et al., 2011). This analysis allowed the 

definition of both transcription patterns (gene-level analysis) and the alternative pre-

mRNA maturation events (exon-level analysis). The results obtained revealed that 

profound changes exist in the expression of genes involved in relevant pathways for 

nervous system development and function such as axon guidance and growth, synaptic 

vesicles formation and recycling, cytoskeleton structure and movement. Thus, we used 

the T-REX (Target Reverse Expression) algorithm to identifies regulated miRNAs via 

the modulation of their predicted targets (Volinia et al., 2010). Essentially, this algorithm 

is based on the assumption that when a miRNA is active in cells, its target is repressed 

and vice versa, if the targets are over-expressed the controlling miRNA is down-

regulated. This computational approach identified 54 (Table 1) putative differentially 

expressed miRNAs in SH-SY5Y SOD1(G93A) cells. As a next step, we performed a Next 

Generation high throughput Sequencing (miRNA-seq) on the same cell lines and we 

found 9 differentially expressed miRNA (Table 2) between mutant SHSY5Y with respect 

to control cells. To validate both the T-REX and the NGS output, we carried out 

quantitative real time PCRs (qPCR) and we confirmed the differential expression of a 

group of miRNAs found altered by both NGS and T-REX list in line with the qPCR 
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validation (Figure 2). In particular, we observed the up-regulation of mir129-5p (six fold 

change), mir-200c (three fold change) and mir-7 (nearly two fold change); and the down-

regulation of mir-124 and mir-455 (about 0.2 fold change for both). 
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Table 1 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Computational identification of miRNAs. Splicing-sensitive Microarray Analysis of Models of 

Mitochondrial Stress (SHSY5Y SOD1-G93A cells) showed profound changes in the expression of genes 

involved in relevant pathways for neuron survival at gene-level and in pre-mRNA splicing. T-REX 

algorithm identified regulated miRNAs via the modulation of their predicted targets. 54 putative miRNAs 

differentially expressed in SHSY5Y SOD1(G93A) cells were identified. 
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Table 2 

 

 

 

 

 

 

 

Table 2: Next generation High troughput sequencing ouput. The RNA sequencing showed 9 

differentially expressed miRNA between SHSY5Y expressing mutant SOD1 protein with respect to 

controls. 
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Figure 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Validation by RT-qPCR of the top ranking up- or down-regulated miRNAs identified by 

T-REX and those identified by RNAseq. Experimental validation of altered miRNAs identified by T-

REX and by RNA-seq by qPCR (n=3 independent experiments) in SHSY5Y cells stably expressing SOD1 

WT (in white) and in SHSY-5Y stably expressing SOD1(G93A) (in dark grey). Data were normalized to 

snoRD25. 
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Characterization of miRNAs expression in G93A mice 

In order to investigate if the expression of the misregulated miRNAs, identified in a 

cellular model, could be affected also in a model more related to the pathology, we 

analyzed their levels in transgenic mice over-expressing the SOD1-G93A mutation. 18 

of the differentially expressed miRNAs were analyzed on RNA extracted from spinal 

cord of 8 transgenic mice carrying the SOD1-G93A. In particular, six mice were at the 

early stage (130-135 days) and two were at symptomatic stage (140-170 days) of the 

disease. As a control, we used 8 normal littermates of the corresponding age group. Our 

results at the early stage of disease showed increased levels of mir129-5p and mir-200c, 

although showing a lower fold change induction and variability with respect to mir-7 

(Figure 3A). Instead, the down regulation of mir-124 previously found in SHSY5Y cells 

was not comparable in mice. Moreover, we found an up-regulation of mir-455 which was 

found to be downregulated in neuroblastoma cells. Surprisingly, at the symptomatic stage 

(Figure 3B) we found a slight global down-regulation of each miRNA making most of 

them again similar to the control mice, with the exception of mir-200c that is drastically 

reduced. These results may suggest that miRNA expression may vary in a stage specific 

manner. In particular, way mir129-5p showed a strong increase at the early stage and its 

levels decreased with the progression of disease suggesting a potential role in the disease 

onset.  
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Figure 3 

 

 

 

 

Figure 3: Analysis of misregulated microRNA in ALS mice. Analysis of misregulated microRNA in 

mice (n=6 biological replicates) carrying the SOD1(G93A) at the early stage (130-135 days) of disease (A); 

and at the sympthomatic stage (140-170 days), (n=2 biological replicates) (B). Data were normalized to 

RNU1A1.  
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Mir-129-5p and mir-200c are upregulated in PBMC of sporadic ALS patients 

Our result suggested a potential role of mir129-5p and mir200c in ALS pathogenesis. The 

increasing relevance of characterization of miRNAs profiling in biofluids in different 

neurodegenerative pathologies has prompted the study of these misregulated miRNAs in 

peripheral blood mononuclear cells (PBMCs) of sporadic ALS patients by qPCR. In 

particular, we analyzed samples of 28 patients and 22 controls taken from healthy 

voluntaries (Figure 4). Interestingly, we found a significant up-regulation (2-fold change) 

of mir129-5p and mir200c in patients’ samples. While the expression of mir-200c showed 

a higher standard deviation, mir129-5p had a good reproducibility among patients. Based 

on these results we decided to further characterize mir129-5p investigating its putative 

targets and the role that they may potentially play in disease onset and progression. 
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Figure 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Analysis of the expression of misregulated miRNA in patients. (A): Clinical characteristics 

of the recruited samples. (B): Analysis of the expression of the top up-regulated miRNAs on RNA extracted 

from peripheral blood mononuclear cells (PBMCs) of sporadic ALS patients. Data were normalized to 

mir16 or Snord25 expression. (** p<0.001)  
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Mir-129-5p predicted targets  

The human genome encodes over 1000 miRNAs that collectively target the majority of 

mRNAs. Base pairing of the so-called miRNA ‘seed’ region with mRNAs identifies many 

thousands of putative targets. The vast majority of predicted targets, often with quite 

disparate functions, make a challenge choosing which is worthy of experimental follow-

up. To address this challenge, predictors may use thermodynamic, evolutionary, 

probabilistic or sequenced-based features. So far, the best strategy to pullout good 

candidates is to compare which targets have a high score for every one of these features. 

In order to define the mechanism by which mir129-5p up-regulation can contribute in 

ALS pathogenesis we looked at its bioinformatic-predicted targets. Following the criteria 

mentioned above and wondering which targets could be significantly involved in ALS 

pathology, we selected four potential targets that are shown in the Table 3 with a short 

description. Starting from the output of the microarray profiling experiment, initially we 

decided to investigate the genes whose expression was found to be down-regulated in our 

system: HOXC10 and CACNG2 genes. HOXC10 belongs to the homeobox family of 

transcription factors. We selected this gene because it has been demonstrated that mutant 

mice (HoxC10-/-) have a reduction in lumbar motor neurons (Hostikka et al., 2009). 

CACNG2 (Calcium channel, voltage-dependent, gamma subunit 2) also known as 

stargazin is involved in the transportation of AMPA receptors to the synaptic membrane, 

and the regulation of their receptor rate constant (Chen et al., 2000). We decided to 

investigate this putative target for the well-known implication of AMPA in ALS 

pathogenesis. Moreover, we decided to further analyze the ELAVL4/HuD transcript 

which was not present in the output list of the microarray for the well characterized role 

of HuD in neuronal cell identity, maturation and survival. As a first step, we validated the 
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microarray expression data for these genes by qPCR and checked for ELAVL4/HuD 

transcript levels. This validation showed a good correlation with the microarray data and 

confirmed the down-regulation of the three transcripts (Figure 5). 

 

  

Table 3: List of potential target of mir129-5p 

  



 
 

 
89 
 

Figure 5 

 

 

Figure5: Analysis of the expression of miRNA targets. Results of RT-qPCR carried out on SHSY5Y 

cells over-expressing the SOD1 wild type or the mutant SOD1(G93A) in order to confirm the down-

regulation of the putative mir129-5p targets. 
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ELAVL4/HuD is targets of mir-129-5p 

In order to validate the putative targets of mir129-5p by bionformatic analysis, we 

performed a luciferase assay. We used a plasmid that express the pre-miR129 sequence 

and a plasmid with the UTR of the gene cloned upstream of the luciferase gene (in which 

we cloned the 3’-UTR of the predicted target). After a transient co-transfection of both 

plasmids we tested the ability of mir129-5p to bind the 3’-UTR of the considered gene by 

luciferase assay. We first focused on HoxC10. The bionformatic analysis of this region 

identified one “conserved sites” for mir129-5p consisting in a “8mer seed match” that 

means an exact match to positions 2-8 of the mature miRNA (the seed + position 8) 

followed by an 'A'. As shown in Figure 6A, the luciferase activity decrease in response to 

the presence of miR129-5p with a molar ratio of 1:1 between microRNA and UTR. Next, 

we cloned the 3’-UTR of CACNG2. The sequence of UTR has four conserved sites, one 

of them is “8mer” and three are “7mer-m8” that means an exact match to positions 2-8 of 

the mature miRNA (the seed + position 8). Finally, we cloned the 3’-UTR of 

ELAVL4/HuD that shows only one “7mer-m8” conserved seed sequence. As shown in 

Figure 6B e 6C, for both genes, the luciferase activity decreased in response to the 

presence of miR129-5p with a molar ratio of 1:1 between the microRNA and UTR of 

both sequences. These results show that there is a decrease of luminescence activity for 

every UTR of almost 40% for ELAVL4/HuD up to the 70%, for CACNG2, suggesting 

that the three genes examined were targets of mir129-5p.  

Since, there are controversial opinions regarding the use of the luciferase assay to test the 

“miRNA-target interaction” because the transfection is only about the UTR sequence so 

it is not possible to measure the available of seed sequence and the thermodynamic 
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features. Thus, this method may be considered a way to force the interaction. To escape 

these controversies and be more confident about the targets, we generated a stable cell 

line that over-express pre-mir129-1 and we measured the endogenous protein level of the 

putative targets we selected. As shown in Figure 7 the Western Blot analysis revealed that 

only ELAVL4/HuD protein level is really affected by the mir129-5p over-expression 

(almost 60% of decrease), while stargazin presented only a slight decrease and HOXC10 

an up-regulation. These results showed that even if mir129-5p is able to bind the 3’-UTR 

of the three genes, only ELAVL4/HuD endogenous protein is strongly affected by the 

microRNA over-expression. 
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Figure 6 
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Figure 6: Validation of putative targets of mir 129-5p by luciferase assay. The first histogram shows 

the luminescence due to the luciferase gene expressed from the the UTR plasmid. The second shows the 

reduced level of luminescence in presence of mir129-5p precursor. The amount of microRNA and UTR is 

1:1. (A) Shows the reduction of luminescence due to the binding of mir129-5p to HOXC10 UTR in 

SHSY5Y cells. (B) Shows the reduction of luminescence due to the binding of mir129-5p to CACNG2 

UTR in HEK cells. (C) Shows the reduction of luminescence due to the binding of mir129-5p to 

ELAVL4/HUD UTR in HEK cells. 
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Figure 7 

 

 

Figure 7: Validation of the putative targets of mir129-5p by western blot. (A) In the first and second 

lane are shown proteins from total lysates of cells transfected with the empty vector (Vec) and with pre-

mir129-5p (mir129-5p). The protein analysed were the endogenous HOXC10, CACNG2 and HuD. (B) 

Relative quantification of proteins detected. Data were normalized on LDH levels.  
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The overexpression of pre-mir129-1 inhibits neurite outgrowth and differentiation 

Our data strongly suggested that ELAVL4/HuD is target of mir129-5p. Since this protein 

is strongly expressed within the central nervous system and regulates 

posttranscriptionally several mRNAs that codify for proteins playing key roles in neurons, 

it was hypothesized that ELAVL4/HuD could acts as a “master regulator” of various 

neuronal processes (Deschênes-Furry et al., 2006; Perrone-Bizzozero and Bird, 2013). 

Moreover, many studies evidenced its importance in neuronal function and survival, as 

well as plasticity during learning and memory and following neuronal injury. 

Additionally, there is accumulating support implicating misregulation and mutation of 

ELAVL4/HuD in neuronal pathologies and neuroendocrine cancers. Moreover a previous 

publication indicates that ELAVL4/HuD down-regulation is able to inhibit the 

differentiation of neurites (Abdelmohsen et al., 2010). Based on these reports and in order 

to characterize the phenotipical effect of mir129-5p over-expression, we checked and 

measured the neurites outgrowth of SHSY5Y stable transfected with pre-mir129-1 

plasmid compared to control cells trasfected with empty vector before and after 

differentiation treatment with retinoic acid. As is shown in Figure 9A, the SHSY5Y 

mir129-1 cell line showed shorter neurites and a bigger and rounded cellular body in 

compare to control cells. Moreover, the Figure 8A showed the reduced differentiation 

phenotype following retinoic acid treatment in cells overespressing mir129-1 with respect 

to empty vector control. To measure the variance in differentiation level between the cells 

overespressing the mir129-1 and the cells with the empty vector we assessed mRNA 

levels of two genes markers of neuronal differentiation such as ASCL1 and GAD43. We 

observed, after treatment with retinoic acid, that cells overexpressing miR129-1 showed 

a lower increase of ASCL1 and GAD43 mRNA levels with respect to control cells after 
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differentiation (Figure 8B). These results suggest an impairment of neurites formation 

when mir129-1 is over-expressed. 
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Figure 8 

 
 

Figure 8: Analysis of the overexpression in SH SY5Y cells. (A) The first lane shows the morphology of 

the cells transfected with pre-mir129-1 versus cells expressing the empty vector. SHSY5Y overexpressing 

mir129-1 showed shorter neurites and a bigger and rounded cellular body in compare to control cells (VEC). 

Upon Retinoic Acid treatment (10uM for 6 days) the VEC cells showed long neurites while only few cells 

in pre-mir129-1 have an increasing in neurites length. (B) Analysis of differentiation level between the cells 

overexpressing the mir129-1 and the cells with the empty vector. We assessed the mRNA levels of ASCL1 

and GAD43 as markers of differentiation. Data were normalized to GAPDH expression. 
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2.5 Discussion 

Post transcriptional regulation of gene expression made by microRNA is increasingly 

recognized as an important general mechanism by which the function and morphological 

plasticity of dendrites, axons and synapses are controlled locally in response to various 

environmental signals. Indeed, there is an increasing number of studies that characterize 

the expression of miRNAs and their potential role in the molecular mechanisms leading 

to neurodegenerative diseases. Nevertheless, little is known concerning ALS. Our study 

started from the observation that miRNA machinery was compromised in a chronic 

mitochondrial stress and in familial ALS in vitro model, the SHSY5Y neuroblastoma 

cells carryng the SOD1(G93A) mutation. In particular, we found a slight decrease of the 

two main proteins of microprocessor, Drosha and DGCR8 that could lead to a reduction 

in the amount of the pre-miRNA cellular pool. The down-regulation of Drosha could be 

an effect of the observed increase of EWS protein. In fact, it has recently demonstrated 

that the FET protein member EWS is able to negative regulates Drosha (Kim et al., 2014). 

On the other hand, the increase in the level of Dicer may result in the processing of a 

subset of pre-miRs compared to other miRNAs that required different cofactors. Indeed, 

it has been demonstrated that some Dicer partners proteins are able to bind Dicer and 

promote the processing of particular miRNAs (Krol et al., 2010). However to elucidate 

the mechanism by which the expression of specific miRNAs can be modified will be 

needed further investigations. In this study, we carried out the miRNA profiling by RNA 

high throughput sequencing in cellular line of a familial SOD1(G93A) ALS model that 

allowed us to identify a small group of misregulated miRNAs. Only one miRNA, mir-

124 in this small pool was already characterized in neurodegenerative disorders (Johnson 

et al., 2009). More recently mir-200c was linked to synaptic function and neuronal 
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survival in Huntington disease (Jin et al., 2012). We analysed the dysregulated miRNAs 

in a small group of ALS mice carrying the same gene mutation at early and symptomatic 

stage of disease. We found a correlation between mutant SHSY5Y and transgneic 

SOD1(G93A) mice concerning the up-regulation of mir129-5p and mir200c. As was 

reasonably expected miRNAs dysregulation in mice differs from the early stage and the 

end-stage of disease. Intriguingly, we found that the expression of mir129-5p is increased 

at the early stage while its level decreases with the progression of the disease suggesting 

that this miR could be one of the first player acting in the pathological cascade that leads 

to ALS. Thereafter, in order to find a common signature between familial and sporadic 

ALS and in effort to find new biomarkers in easily accessible sample such as blood, we 

assessed the two most up-regulated miRNAs in PBMCs obtained from sporadic ALS 

patients. This would be not the first case in which a microRNA linked to 

neurodegenerative disorders is found up-regulated both in neuronally differentiated 

human cells and in human plasma (Gaughwin et al., 2011) candidating it as a biomarker. 

Subsequently, we studied the predicted targets and we validated ELAVL4/HuD as target 

of mir129-5p. Recent analysis of ELAVL4/HuD-associated mRNAs in mouse brain 

revealed that many ELAVL4/HuD targets encoded for proteins with important roles in 

neuronal differentiation, cytoskeletal transport, and RNA metabolism (Bolognani et al., 

2010). These findings fully support the ability of HuD to promote neuronal development, 

synaptic plasticity, and nerve regeneration (Pascale et al., 2008; Perrone-Bizzozero and 

Bolognani, 2002). Accordingly, ectopic interventions to overexpress or downregulate 

HuD in cultured neuronal models revealed a role for HuD in the expression of target 

mRNAs and in controlling neuronal morphology (Deschênes-Furry et al., 2006). HuD-

null mice showed deficient neurogenesis, nerve development, and motor and sensory 
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functions (Akamatsu et al., 2005). To test the effect of downregulation of HuD due to 

microRNA regulation, we generated stable cell line overespressing mir129-5p and we 

found a reduction in neurite outgrowth and in the expression of differentiation markers 

with respect to control cells. Taken together these data strongly suggest that microRNAs 

play a role in ALS pathogenesis and in particular that mir129-5p can affect neuronal 

plasticity by modulating HuD level. Additionally, it is important to underline that the 

altered expression of miR129-5p in neuroblastoma SOD1(G93A), in transgenic mice and 

in sporadic ALS PBMCs, together with the observation that in mice the major increase of 

miRNA levels is at the early stage, proposes mi129-5p as potential biomarker for ALS. 

In many patients with ALS in population-based studies, diagnostic certainty currently 

entails a delay of about 1 year from onset of symptoms to diagnosis (Zoccolella et al., 

2006); this delay prevents early treatment with possible disease-modifying drugs. 

Moreover, at least 30% of anterior horn neurons are thought to have degenerated by the 

time distal muscle wasting is visible (Swash and Ingram, 1988). Therefore, reliance on 

symptoms or clinical examination to trigger intervention might not be adequate if 

degeneration is no longer salvageable at that stage. Thus, an early diagnostic biomarker 

might prove to be clinically useful only if those at risk of developing ALS can be 

identified and screened before the onset of symptoms.  
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3.1 Abstract 

Amyotrophic lateral sclerosis (ALS) is a progressive neuro-muscular disease 

characterized by motor neuron loss. MEF2D and MEF2C are members of the myocyte 

enhancer factor 2 family (MEF2), a group of transcription factors playing crucial roles 

both in muscle and in neural development and maintenance; for this reason a possible 

their involvement in ALS context has been investigated. Since the transcriptional activity 

of each tissue specific MEF2 isoform is conserved in different cell types, we choose to 

assess our parameters in an easily accessible and widely used experimental tool such as 

peripheral blood mononuclear cells (PBMCs) obtained from 30 sporadic ALS patients 

(sALS), 9 ALS patients with mutations in SOD1 gene (SOD1+) and 30 healthy controls. 

Gene expression analysis showed a significant up-regulation for MEF2D and MEF2C 

mRNA levels in both sporadic and SOD1+ ALS patients and a direct correlation between 

MEF2D-MEF2C mRNA levels was observed in patients and controls. Moreover, 

although protein levels were unchanged, a different pattern of distribution for MEF2D 

and MEF2C proteins was evidenced by immunohistochemistry, suggesting a possible 

lack of their function. In line with this hypothesis, a significant down-regulation of the 

MEF2 downstream targets BDNF, KLF6 and RUFY3 was found. In conclusion our 

results evidenced, for the first time, a systemic alteration of MEF2D and MEF2C 

pathways in both sporadic and SOD1+ ALS patients evidencing a possible common 

feature between the sporadic and the familiar form of disease, potentially eligible as 

biomarker easily obtainable from accessible biofluids.     
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3.2 Introduction 

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by 

the selective degeneration of both upper and lower motor neurons; death usually occurs 

due to respiratory failure within 3-5 years from symptom onset. Skeletal muscle atrophy 

and paralysis due to denervation are common features in both patients with spinal or 

bulbar onset. Causes underlying the pathogenesis of disease remain still unknown, 

although protein aggregate formation in motor neurons is a neuropathological hallmark 

(Volkening et al., 2009). Approximately 90% of patients with amyotrophic lateral 

sclerosis show a sporadic form (sALS), whereas the remaining 10% have a familial form 

(fALS); among these, about 20-25% has mutations in CuZn superoxide dismutase 

(SOD1) gene that catalyzes removal of the superoxide anion radical from cells. However, 

both sporadic and familial ALS patients display a variety of differing phenotypes (Beghi 

et al., 2007) making very difficult to define a well-timed and efficient diagnosis and 

monitoring disease progression; for this reason the validation of biomarkers able to reflect 

the phenotypic heterogeneity is an urgent goal. These markers should reflect core 

processes involved in the disease pathogenesis along with great accessibility and low 

costs in terms of both patient and health system participation. 

Recently, Calvo and colleagues (2012) have shown increased myocyte enhancer factor 2-

C (MEF2C) mRNA levels in transgenic SOD1G93A mice and similar results were observed 

after denervation in skeletal muscle cells obtained from wild type mice, highlighting the 

importance of myogenic potential to compensate muscle damage induced by the 

neurodegenerative process. MEF2C belongs to the MEF2 protein family, a group of 

transcriptional regulators including four different isoforms (MEF2A-D) (Yu et al., 1992). 
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MEF2 family members are highly expressed in cells of muscle lineage where they have 

been shown to be important regulators during development of skeletal, cardiac and 

smooth muscle, activating the expression of structural genes, as well as amplifying the 

expression of other transcription factors that initiate muscle differentiation and maintain 

sarcomere integrity (Black and Olson, 1998). Furthermore, MEF2 proteins sustain many 

important functions inside the central nervous system (CNS), where they promote 

neuronal survival and regulate dendrite morphogenesis, differentiation of post-synaptic 

structures and excitatory synapse number (Flavell et al., 2006; Mao et al., 1999; Shalizi 

et al., 2006). MEF2D and MEF2C, in particular, are largely expressed in brain and in 

muscle where they play crucial roles. Notably, they are directly implicated in the 

regulation of brain derived neurotrophic factor (BDNF) (Lyons et al., 2012), a 

neurotrophin already investigated in ALS context due to its ability to promote motor 

neuron growth and survival in both in vitro and in vivo models of neuron injury or death 

(Ikeda et al., 1995; Sendtner et al., 1992), albeit therapeutic trials of BDNF infusion in 

patients failed to show significant clinical benefit (1999). However, MEF2 proteins are 

also involved in several functions in circulating immune cells, where they show a specific, 

conserved expression profile (Swanson et al., 1998). In particular, MEF2C and MEF2D 

are expressed in lymphocytes and macrophages where they directly sustain the 

proliferation process and the immune response (Aude-Garcia et al., 2010; Wilker et al., 

2008), functions that may be critical for modulating ALS clinical onset and progression. 

Indeed, immune cells are well known to be directly involved in ALS pathogenesis, 

actively influencing disease progression and survival in animal models and in patients 

positively or negatively influencing disease progression in a time-related manner (Henkel 

et al., 2013; Zhao et al., 2013). Moreover, recent evidences showed that TDP-43 
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aggregates were able to mediate the activation of microglia causing a toxic pro-

inflammatory cascade for motorneurons, suggesting the involvement of a non-cell 

autonomous pro-inflammatory signalling in motorneuron injury and offering a possible 

novel therapeutic targets in ALS (Zhao et al., 2015).  

Currently, no data exist on the expression and the function of MEF2D and MEF2C in 

ALS patients. Considering that the transcriptional activity of each tissue-specific MEF2 

isoform on the responsive reporter elements is conserved in different cell lines (Sekiyama 

et al., 2012), we choose to investigate MEF2D and MEF2C gene and protein expression 

levels in peripheral blood mononuclear cells (PBMCs), an easily accessible and widely 

used experimental tool able to recapitulate some typical pathological features previously 

found within CNS of ALS patients, such as TDP-43 aggregates (De Marco et al., 2011; 

Nardo et al., 2011). Clarifying the involvement of these transcription factors in ALS 

offers, therefore, the unique opportunity of characterizing a potentially nodal event where 

disease pathways may converge, since MEF2 mechanism of action is shared by all the 

cell types involved in ALS pathophysiology. Furthermore, PBMCs offer the opportunity 

to investigate these parameters using accessible biofluids eligible to be used as source of 

potential biomarkers useful to be employed in diagnosis and to monitor disease 

progression.    
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3.3 Materials and Methods 

Recruited subjects 

30 patients affected by sporadic ALS (sALS) diagnosed according to El Escorial criteria 

(Brooks, 2000) were consecutively recruited at the NEMO center (Milano, Italy) 

following informed consent. ALS patients negative for SOD1, TARDBP and FUS gene 

mutations were considered eligible for the study and all patients recruited were also 

assessed for C9orf72 hexanucleotide repeats that were in all subjects <14. Furthermore, 

9 familial ALS patients positive for mutations in SOD1 gene (SOD1+) were recruited for 

the study [SOD1(G93D) n=6; SOD1(L144F) n=1; SOD1(D90A) n=1; SOD1(G72S) 

n=1]. See Table 1 for demographic and clinical characteristics. ALSFRS-R scores were 

recorded as well as the disease progression index (DPI), defined as: [(48 - ALSFRS-R 

score at recruitment)/disease duration in months](Tremolizzo et al., 2013). 30 healthy 

subjects, age- and sex-matched to sALS patients, were recruited. Exclusion criteria for all 

the recruited subjects were considered cancer, autoimmune and inflammatory diseases. 

Moreover, healthy controls were not affected by any neurological or psychiatric 

condition, nor were taking psychoactive drugs. This study was approved by Ethics 

Committee of University of Milan-Bicocca (Protocol n. 0017525/15; 04 August 2015).  
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 CTRL 

n=30 

sALS 

n=30 

SOD1+ 

n=9 

Gender, M/F 16 / 14 16 / 14 3 / 6 

Age, yr 
61.6 ± 10.6 

(37-77) 

62.6 ± 9.9 

(41-78) 

58.5 ± 11.8 

(40-78) 

Duration, mo N/A 
32.9 ± 24.5 

(3-82) 

39.0 ± 34.6 

(0-96) 

Onset, B/S N/A 9 / 21 0 / 9 

ALSFRS-R N/A 
24.1 ± 10.2 

(6-44) 

24.0 ± 20.3 

(4-47) 

DPI N/A 
0.92 ± 0.51 (0.45-

2.33) 

0.71 ± 0.54 (0.22-

1.63) 

PEG, yes/no N/A 8 / 22 4 / 5 

NIV, yes/no N/A 11 / 19 2 / 7 

Riluzole, yes/no N/A 26 / 4 6 / 3 

 
 

Table 1 

Clinical and demographic characteristics of the recruited subjects. Data are presented as mean ± 

standard deviation (range). ALSFRS-R, ALS functional rating scale-revised version; CTRL, 

healthy controls; DPI, disease progression index; N/A, not applicable; NIV, non-invasive 

ventilation; PEG, percutaneous endoscopic gastrostomy; sALS, sporadic ALS; SOD1+, ALS 

patients positive for SOD1 gene mutations. 
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PBMCs isolation  

Peripheral blood samples (15 ml) were drawn from each subject in tubes containing 

K2EDTA after overnight fasting. PBMCs were collected as previously described (Sala et 

al., 2012). Briefly, whole blood samples were diluted with the same amount of saline 

solution, layered on Ficoll-Histopaque (GE Healthcare) and centrifuged (490×g, 30 min, 

room temperature). PBMCs were collected from the interface between plasma and Ficoll-

Histopaque, washed with saline solution, aliquoted and stored at -80 °C.  

 

RNA extraction and cDNA synthesis  

Total RNA was extracted from PBMCs using the RNeasy Mini kit (Qiagen), according 

to the manufacturer instructions. RNA concentration was determined 

spectrophotometrically at 260 nm and each RNA sample was loaded on 2% agarose gel 

to evaluate RNA quality. cDNA was synthesized from RNA using the SuperScript® 

VILO™ cDNA Synthesis Kit (Invitrogen) at the following conditions: 10 min at 25 °C 

and 60 min at 42 °C. The reaction was terminated at 85 °C for 5 min and cDNAs stored 

at -20 °C. 

 

Real-time PCR (qPCR)  

For the analysis of MEF2D and MEF2C mRNA levels, cDNAs obtained from 70 ng RNA 

were amplified in quadruplicate in the ABI Prism 7500 HTSequence Detection System 

(Applied Biosystems) using TaqMan® Gene Expression Assay (Applied Biosystems, 

MEF2D assay ID: Hs00954735_m1; MEF2C assay ID: Hs00231149_m1; beta-actin 

assay ID: Hs99999903_m1). For the analysis of mRNA levels of the remaining targets, 

cDNAs obtained from 50 ng RNA were amplified in triplicate using the HOT FIREPol® 
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EvaGreen® qPCR Mix Plus (ROX) (Solis BioDyne) at the following conditions: 50 °C 

for 2 min, 95 °C for 15 min, 40 cycles of: 95 °C for 15 s, 60 °C for 20 s and 72 °C for 30 

s. The following primer pairs (Sigma-Aldrich) were used:  

BDNF-F (TGGCTGACACTTTCGAACAC)  

BDNF-R (AGAAGAGGAGGCTCCAAAGG);  

KLF6-F (GGACCAAATTCATTCTAGCTCGGG)  

KLF6-R (AGGCGTCGCCATTACCCTTG);  

RUFY3-F (CCTGGGAATTGCTTGCCCTA)  

RUFY3-R (TCTCATAGGATTGGCCGTGC);  

NPEPPS-F (CGACTTGCTGGACTTCACCTT)  

NPEPPS-R (CTGATTAGTCGCCTGCCTCAC);  

beta-actin-F (TGTGGCATCCACGAAACTAC)  

beta-actin-R (GGAGCAATGATCTTGATCTTCA).  

For relative quantification of each target vs. beta-actin mRNA, the comparative CT 

method was used as previously described (Sala et al., 2010). 

 

Western blotting 

Cell pellets were lysed in cell extraction buffer (Invitrogen) supplemented with 1 mM 

PMSF (Sigma-Aldrich) and protease inhibitor cocktail (Sigma-Aldrich) and protein 

concentrations determined by Bradford’s method. For each target, preliminary 

experiments were run loading on blot increasing amounts of total proteins obtained from 

a pool of three control PBMCs to verify the linearity of the immunereactive signals and 
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to choose the most suitable protein amount for the semi-quantification. Based on these 

results, 40 μg of proteins were diluted in Laemmli’s loading buffer pH 6.8, denatured at 

95°C for 2 min, separated by SDS-PAGE in 4-12% tris glycine gels (Invitrogen) and 

transferred to nitrocellulose. Blots were blocked for 1 h, incubated overnight at 4°C with 

specific primary antibodies (MEF2D, BD Biosciences, 1:1,000 dilution; MEF2C, Cell 

Signaling, 1:500 dilution, respectively) and then with HRP-linked anti-mouse or -rabbit 

IgG for 1 h. Beta-actin (Sigma-Aldrich, 1:40,000 dilution) was used as internal standard. 

Signals were revealed by chemi-luminescence, visualized on X-ray film and quantified 

by an imaging densitometer (Bio-Rad). The protein expression of each sample was 

expressed as ratio between the optical densities of the target protein and beta-actin. 

Negative control blots, obtained incubating membranes without the primary antibody and 

in presence of the HRP- linked anti-mouse or anti-rabbit IgG, were run before starting the 

quantification and no immunereactive signal was observed. Four ALS samples, four 

control samples (comparable for age and sex to ALS samples), a molecular weight marker 

(GE Healthcare) and a quality control sample were analyzed in each blot. Each value was 

calculated referred to the mean value of the controls loaded on each gel. For all blots, 

quality control sample was represented by total protein extracts obtained from SH-SY5Y 

human neuroblastoma cells. Each sample was analyzed in duplicate in 2 different blots 

and the deriving coefficient of variation (CV), calculated after inter-membrane 

normalization, was always <15%. 

  

Immunofluorescence 

PBMC smears were fixed with 4% paraformaldehyde for 15 min and the permeabilized 

using 0.2% Triton X-100 for 10 min. Cells were incubated overnight at 4 °C with anti-
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MEF2D primary antibody (1:100, mouse anti-MEF2D, BD Biosciences) or anti-MEF2C 

primary antibody (1:50, rabbit anti-MEF2C, Cell Signaling) and then with appropriate 

fluorochrome-conjugated secondary antibody diluted in PBS (1:200, Alexa Fluor 488 

goat anti-mouse, Invitrogen, and 1:200, Alexa Flour 488 goat anti-rabbit, Invitrogen) for 

1 hour. After staining with DAPI for 2 min (1:50000, Sigma-Aldrich), glass slides were 

mounted with polyvinyl alcohol (Polyvinyl Alcohol mounting medium with DABCO® 

Antifading pH 8.7, Sigma-Aldrich). Immunofluorescence analysis was performed with 

laser confocal microscope (Radiance 2100; Biorad Laboratories).  

 

Statistical analysis  

Statistical analysis was performed using Prism 4.00 (GraphPad Software). Data are 

expressed throughout the paper as mean ± standard deviation (SD). Two-tailed unpaired 

Student’s t-test or one-way ANOVA, followed by Tukey’s multiple comparison test, were 

used to assess the significance of differences between two or more groups, respectively. 

Correlation was computed with the two tailed Pearson’s r-test. Values that differ by two 

standard deviations from the mean value of each group were excluded from the analysis. 
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3.4 Results 

Up-regulation of MEF2D and MEF2C mRNA levels in sALS and SOD1+ PBMCs 

A significant increase in both MEF2D and MEF2C mRNA levels was evidenced in 

PBMCs of sporadic and SOD1+ ALS patients with respect to controls (Figure 1A and 

1B). MEF2D mRNA levels of sporadic patients were more than two-fold higher 

(p<0.001) as compared to healthy controls; SOD1+ ALS patients showed increased 

MEF2D mRNA levels with respect to both sALS patients (+73%, p<0.001) and controls 

(+342%, p<0.001) (Figure 1A). Similar results were obtained for MEF2C mRNA levels 

that were significantly up-regulated (three-fold, p<0.001) in both sporadic and SOD1+ 

ALS patients when compared to controls (Figure 1B). A positive correlation between 

mRNA levels of MEF2D and MEF2C was observed in both healthy controls (r=0.43, 

p<0.05), sALS (r=0.43, p<0.05) and SOD1+ patients (r= 0.89, p<0.01) (Figure 2), 

suggesting the existence of a common regulatory mechanism responsible for the 

transcription of these MEF2 isoforms.  

 

  



 
 

 
115 

 

Figure 1 

MEF2D and MEF2C gene expression in PBMCs of patients and healthy controls. Increased 

MEF2D (A) and MEF2C (B) mRNA levels in PBMCs of sporadic ALS patients (sALS) and 

subjects with SOD1 gene mutations (SOD1+) with respect to healthy controls (CTRLs). Relative 

quantification (RQ) of MEF2D and MEF2C mRNA is calculated as ratio to β-actin. One-way 

ANOVA, followed by Tukey’s multiple comparison test (***p<0.001) (CTRLs n=30; sALS 

n=30; SOD1+ n=9).  
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Figure 2 

Correlation between mRNA levels of different MEF2 isoforms. MEF2D and MEF2C mRNA 

levels showed a positive correlation in PBMCs of healthy controls (A. p<0.05; r=0.43; n=30), 

sporadic ALS patients (B. p<0.05; r=0.43; n=30) and SOD1+ patients (C. p<0.01; r=0.89; n=9). 
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Different localization of MEF2D-MEF2C in PBMCs of sporadic ALS patients 

Protein expression analyses performed by Western blotting on PBMCs lysates evidenced 

a remarkable individual variability for both MEF2D and MEF2C targets; with a subgroup 

of subjects showing undetectable MEF2D (14 patients and 13 controls) and MEF2C (12 

sALS and 11 controls) protein levels, as previously reported (Sala et al., 2014). 

Collectively, MEF2D and MEF2C immunoreactive levels were unchanged in sALS with 

respect to controls (Figure 3). Based on the hypothesis that an altered subcellular 

distribution might occur without changing the overall levels, an immunofluorescence 

assay was performed on fixed PBMCs derived from three sALS patients and three healthy 

controls. Different patterns of distribution were observed for both MEF2D and MEF2C 

immunereactive signals. In PBMCs obtained from healthy controls MEF2D staining 

marked well-defined speckles within the nucleus, while in sALS patients the signal was 

more diffused (Figure 4A and 4B). On the other hand, MEF2C immunereactive signal, 

albeit qualitatively more similar between patients and controls, was found more 

frequently outside the nuclei (Figure 4C and 4D), bordering them, in sALS PBMCs (~ 

8%) with respect to healthy controls.  
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Figure 3 

MEF2D and MEF2C protein expression is similar in PBMCs of sALS patients and controls 

(CTRL). Individual MEF2D (A) and MEF2C (B) protein levels in PBMC lysates obtained from 

30 sALS patients and 30 healthy controls (CTRL), assessed by Western blotting. MEF2D and 

MEF2C protein levels are expressed as ratio between target and beta-actin optical density, each 

value was calculated referred to the mean value of the controls loaded on each gel. Representative 

Western blot image (C) showing MEF2D and MEF2C protein levels in sALS (n=4) with respect 

to controls (n=4). 
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Figure 4 

Different MEF2D and MEF2C localization in sALS PBMCs with respect to controls. 

Representative immunofluorescent assay showing MEF2D (A,B, green fluorescence) and 

MEF2C (C,D, red fluorescence) expression in PBMCs of 3 healthy controls (A,C) and 3 sALS 

patients (B,D). Nuclei are stained in blue (DAPI). Insert bar = 10 µm; insert bar in the box = 2 

µm 
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Down-regulation of MEF2D-MEF2C downstream targets in PBMCs of sporadic 

and SOD1+ ALS patients 

To verify if the normal function of MEF2D and MEF2C was influenced by the suggested 

altered localization observed in immunofluorescence, a quantification of selected 

downstream targets of these transcription factors was performed. BDNF mRNA levels, 

whose transcription process is regulated by both MEF2D and MEF2C isoforms (Lyons 

et al., 2012), were found to be significantly reduced in both sALS (-42%, p<0.05) and 

SOD1+ patients (-95%, p<0.01)  when compared to healthy controls (Figure 5A). 

Considering that BDNF regulation involves other players besides MEF2D and MEF2C, 

we decided to include in our analysis selected downstream targets that are specifically 

regulated by MEF2D or MEF2C. Krueppel-like factor 6 (KLF6), a specific MEF2D-

target (Salma and McDermott, 2012), was found to be down-regulated in sALS patients 

(-46%, p<0.0001) and in SOD1+ subjects (-49%, p<0.01) with respect to controls (Figure 

5B). Furthermore, the expression analysis of RUN and FYVE domain containing 3 

(RUFY3), a MEF2C target (Sekiyama et al., 2012), showed a significant reduction in 

mRNA levels in both sporadic (-53%, p<0.05) and SOD1+ (-65%, p<0.05) patients versus 

controls (Figure 5C). In contrast, the analysis of mRNA levels of puromycin-sensitive 

aminopeptidase (NPEPPS), another MEF2C specific target, showed no differences 

between patients and controls (Figure 5D). 

A positive correlation was found between BDNF mRNA levels and the specific MEF2D-

target KLF6 both in controls (r= 0.54, p<0.01) and in sALS patients (r= 0.51, p<0.01) 

(Figure 6A-6C) but not in SOD1+ subjects. BDNF mRNA levels instead correlated with 

the MEF2C downstream target RUFY3 in healthy controls (r= 0.69, p<0.05) and in 

SOD1+ subjects (r= 0.75, p<0.05) (Figure 6B-6D) but not in sALS.   
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Figure 5 

MEF2D and MEF2C downstream targets mRNA levels in PBMCs of the recruited subjects. 

Relative quantification (RQ) of target mRNA is calculated as ratio to β-actin. Both BDNF (A), 

KLF6 (B), and RUFY3 (C) are down-regulated in sALS and SOD1+ patients with respect to 

healthy controls (CTRL), while no change was observed in NPEPPS gene expression (D). One-

way ANOVA, followed by Tukey’s multiple comparison test (*p<0.05; **p<0.01; ***p<0.001) 

(CTRLs n=30; sALS n=30; SOD1+ n=9).  
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Figure 6  

Correlation between BDNF and the specific MEF2D-downstream target KLF6 mRNA levels in 

healthy controls (A; r=0.54, p<0.01, n=30) and in sALS patients (C; r=0.51, p<0.01, n=30). 

BDNF mRNA levels also correlate with the specific MEF2C-downstream target RUFY3 mRNA 

levels in controls (B; r= 0.69, p<0.05, n=30) and in SOD1+ ALS patients (D; r= 0.75, p<0.05, 

n=9).  
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No correlations emerged between biological parameters and clinical characteristics 

Dichotomizing ALS patients based on riluzole assumption (5 untreated vs. 25 treated 

sALS patients; 3 untreated vs. 6 treated SOD1+ ALS patients), no significant differences 

emerged. No influence of other clinical characteristics (sex, age at onset, site of onset, 

disease duration, ALSFRS-R score and disease progression index) of patients was 

detected on all investigated parameters. 

  



 
 

 
124 

 

3.5 Discussion 

MEF2 transcription factors play pivotal functions in brain, skeletal muscles and PBMCs, 

regulating the synthesis of specific mRNA targets through common mechanisms 

conserved in all these different cell lines (Sekiyama et al., 2012). Here we report a strong 

up-regulation of MEF2D and MEF2C mRNA levels in PBMCs obtained from sporadic 

and SOD1+ ALS patients when compared to healthy matched controls; furthermore, a 

different pattern of distribution of the related immunofluorescence signal was also 

observed in sALS. Based on these evidences, a possible lack of function for MEF2D and 

MEF2C in ALS patients has been hypothesized. To evaluate MEF2D transcriptional 

activity we assessed mRNA levels of Krueppel-like factor 6 (KLF6), a MEF2D 

downstream target essential for its pro-survival function. Indeed, knockdown of KLF6 

expression in neurons promotes neuronal cell death, antagonizing the beneficial effect of 

MEF2D (Salma and McDermott, 2012). Similarly, MEF2C transcriptional activity was 

evaluated by assessing mRNA levels of RUN and FYVE domain containing 3 (RUFY3) 

and puromycin-sensitive aminopeptidase (NPEPPS), two MEF2C downstream targets 

(Sekiyama et al., 2012). Our results showed a significant reduction of KLF6 and RUFY3 

mRNA levels in both sporadic and SOD1+ ALS patients, confirming the hypothesis of a 

reduced transcriptional activity of MEF2D and MEF2C. To further confirm these results, 

the expression of brain derived neurotrophic factor (BDNF), another target regulated by 

MEF2 proteins, was evaluated. Since MEF2D and MEF2C differently regulate BDNF 

acting on distinct alternative promoters (Lyons et al., 2012), the quantification of mRNA 

levels was performed using specific primers designed to amplify all the most important 

BDNF transcript variants (specific for 17 out of total 18 alternative transcripts). We 
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demonstrated a significant down-regulation of BDNF gene expression in both sALS and 

SOD1+ subjects and a positive correlation between BDNF mRNA levels and mRNA 

levels of KLF6 and RUFY3 both in patients and controls was also observed, suggesting 

that BDNF expression is directly linked to activity of MEF2D and MEF2C proteins. 

Therefore, although the regulation of BDNF-MEF2 is very complex and only partially 

clarified (Lyons et al., 2012; Pazyra-Murphy et al., 2009; Wang et al., 2007), it is possible 

to hypothesize that the significant reduction in BDNF synthesis that we found in ALS 

patients is probably due to a synergic reduction in the activity of both MEF2 isoforms.  

Although the level of the MEF2D and MEF2C proteins were unchanged, a strong up-

regulation of their mRNA levels was observed in PBMCs of both sporadic and SOD1+ 

ALS patients, confirming previous results obtained in SOD1G93A ALS animal model 

(Calvo et al., 2012). We hypothesize that the increased transcription of the MEF2 genes 

observed in this study may represent a compensatory effect of the MEF2 lack of function, 

indicated by the decreased mRNA levels of downstream targets, suggesting an 

autoregulatory feedback loop. Similar results were previously observed in human 

neuroblastoma cells where a significant increase of MEF2D mRNA levels was shown in 

response to a toxic agent (Sala et al., 2013). Interestingly, our results showed a direct 

correlation between MEF2D and MEF2C mRNA levels conserved in sALS patients, in 

SOD1+ subjects as well as in healthy controls, suggesting the existence of an upstream 

regulatory mechanism common to both factors, which is unaltered in disease conditions.  

Our data suggest that the pathological MEF2D/MEF2C loss of function, which is 

reflected by the reduction of the expression of their downstream targets, is not caused by 

changes in mRNA synthesis or translation, but it is likely due to modifications of mature 

MEF2 proteins. MEF2 function is finely regulated by many different post-transcriptional 
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modifications and interaction with several activators or repressive elements (Gong et al., 

2003; McKinsey et al., 2001). Among these, members of class IIa histone deacetylases 

(HDACs) play a very important role in the regulation of MEF2 protein activity; indeed, 

in absence of stimuli, class-II HDACs maintain MEF2 in a repressive state until 

transactivating stimuli arrive. In particular, HDAC4 has been shown to promote the 

sumoylation of the transcriptional domain of MEF2D and MEF2C, repressing their 

activity and regulating important cellular programs like muscle differentiation, neuronal 

survival and T-cell apoptosis (Cohen et al., 2009; Grégoire et al., 2006; Grégoire and 

Yang, 2005). Interestingly, HDAC4 levels were found to be dramatically increased in 

muscles of SOD1G93A animal model, with subsequent repression of MEF2 target genes, 

contributing to muscle dysfunction (Cohen et al., 2009; Cohen et al., 2007). In this 

context, a treatment with HDAC inhibitors has been shown to alleviate the disease 

phenotype in ALS mouse model (Ryu et al., 2005). Furthermore, a crucial role for 

HDAC4 and its regulator microRNA-206 (miR-206) in ALS progression was recently 

suggested; as a matter of fact, miR-206, a skeletal muscle-specific microRNA, was shown 

to promote reinnervation and slow down disease progression in ALS mice, repressing 

muscle expression of HDAC4 thus counteracting the negative effect of HDAC4 on 

reinnervation (Williams et al., 2009). Finally, in a recent study performed in muscle 

samples from ALS patients, HDAC4 expression was significantly higher in patients with 

rapidly progressive disease and was negatively correlated with the extent of muscle 

reinnervation and functional outcome (Bruneteau et al., 2013). Moreover, 14-3-3 

proteins, which are involved in MEF2 regulation by disrupting its interaction with class-

II HDACs, have been found to be accumulated in the characteristic ubiquitinated 

inclusions present in the spinal cord of ALS patients (McKinsey et al., 2000; Volkening 
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et al., 2009), thus contributing to MEF2 repression by HDACs. These data are in line with 

the part of the literature describing alterations of chromatin methylation and acetylation 

status in ALS (Liu et al., 2013; Tremolizzo et al., 2014), thus reinforcing the involvement 

of epigenetic modifications in the pathogenesis of disease. Taken together, these 

evidences allow us to suppose that an imbalance in MEF2-HDAC ratio demonstrated in 

ALS could determine a loss of MEF2D and MEF2C function, with consequent disruption 

of many critical processes in both muscle, neuronal and immune system cells. 
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3.6 Conclusions 

This study indicates that a dysfunction of the MEF2 pathway play a potential pathogenic 

role in ALS. Besides MEF2D and MEF2C, also their downstream targets are known to 

be crucial for many cellular functions in both the nervous system and skeletal muscle. 

KLF6 regulates neuronal cell survival and axon growth as well as skeletal myogenesis 

(Dionyssiou et al., 2013; Salma and McDermott, 2012); RUFY3/Singar1 can suppress the 

formation of surplus axons and contribute to neural polarity (Mori et al., 2007) and 

NPEPPS is an aminopeptidase that counteracts the accumulation of aggregation-prone 

proteins and thus proteotoxicity in brain (Menzies et al., 2010). NPEPPS directly 

regulates SOD1 protein abundance and clearance via proteolysis and, differently from 

results of our study, NPEPPS protein expression was observed markedly decreased in 

transgenic mice overexpressing mutant SOD1 and in postmortem spinal cord of sporadic 

ALS patients (Ren et al., 2011). Also BDNF has been previously investigated in ALS 

field, although the literature regarding BDNF expression in peripheral tissues or in 

affected muscles of ALS patients is discordant and might deserve further characterization 

(Grundström et al., 2000; Küst et al., 2002). 

 

In conclusion, our results support the hypothesis that MEF2D, MEF2C and their 

downstream targets found altered in ALS patients, might be involved in the pathogenesis 

of disease. Moreover, alterations identified in MEF2C and MEF2D pathways were 

observed in both sporadic and SOD1+ ALS patients. Since sporadic and familial forms 

of disease have completely different pathological hallmarks, it could be very important 

to identify a common set of altered parameters because pathogenic mechanisms 
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sustaining these alterations probably occur in a crucial moment of disease onset and 

represent a common feature of both pathological forms. Furthermore, our findings 

evidenced a different expression of assessed parameters between ALS patients and 

controls using accessible biofluids, offering the opportunity to explore this tool in future 

to better understand if could be employed to development a suitable diagnostic tool. 

Indeed, our preliminary data seem to suggest that alterations in MEF2 pathways could be 

associated with a different disease progression index (DPI) (data not shown). To address 

this important issue a dedicated study will be performed following up patients in different 

time points to monitor our parameters during disease progression.  

Moreover, the identification of MEF2 pathway as novel factor potentially involved in 

ALS pathogenesis suggests that further investigations could be justified in affected tissues 

obtained from patients or in motor neurons and skeletal muscles deriving from ALS 

animal models. In fact, the confirmation of MEF2 pathway disruption in ALS might lead 

to elucidate the possible underlying causes, offering novel clues for dedicated therapeutic 

interventions.  
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Chapter 4 - Conclusions 

RNA metabolism is a multistep process including several different areas well known to 

be involved in ALS pathogenesis (Strong, 2010). In this study we have investigated two 

particular aspects potentially linked with transcriptional alterations occurring in ALS.   

First, we analysed the potential role of microRNAs as define pathological hallmark 

conserved in different disease models. With this aim, we have not only assessed a panel 

of miRNAs to identify any possible alteration in their expression between patients and 

controls, but we have identified a common set of two microRNAs altered in a common 

manner in different ALS models. Our findings showed that miR-129-5p and miR-200c 

were upregulated in both neuroblastoma cell lines and in transgenic mice expressing the 

pathological protein SOD1(G93A). Moreover, these microRNAs were also increased in 

PBMCs obtained from sporadic ALS patients with respect to healthy controls. 

Consequently, miR-129-5p and miR-200c could be considered as the “lowest common 

multiple” of alterations afflicting miRNAs, indicating probably a nodal event in ALS 

pathogenesis, since their expression were altered in both cellular and animal familial ALS 

models and in human samples from sporadic patients. Although further investigations 

will be performed to confirm if transcriptional alterations are selective for specific 

miRNAs or the final event of a global dysregulation, the altered expression of miR-129-

5p and miR-200c previously reported could have direct consequences on several 

molecular targets. Our results identified HUD like a direct target of miR-129-5p and a 

lack of its regulation was able to cause alterations in neurogenesis, nerve development, 

and motor and sensory functions. Alterations affecting miR-129-5p function could 

directly alter neuronal morphology and function, offering a possible explanation of the 
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involvement of miR-129-5p in the pathogenesis of disease. Moreover, further evidences 

could be raised from the identification of other putative targets of miR-129-5p elucidating 

any more mechanisms clarifying the role of this miRNA in ALS.  

The second part of the study was dedicated to elicidate a possible involvement of two 

transcriptional factors playing important roles in muscle and neuronal differentiation in 

the ALS context. Our findings reported evidences supporting another type of 

transcriptional alterations occurring in ALS. Indeed, we showed a systemic alterations of 

MEF2D and MEF2C pathways tipical of both sporadic patients and subjects with 

mutations in SOD1 gene. The expression levels of MEF2 downstream targets were found 

altered in patients and, although their exact function in peripheral cells is not clearly 

understood, they could cause any lack of functions in immune cells with possible 

consequences leading to a pathological condition. Our results showed increased MEF2D 

and MEF2C mRNA levels, altered subcellular localization and a reduction of their 

transcriptional activity. We have hyphotesized that HDACs proteins, which are well 

known to be up-regulated in SOD1(G93A) mice and in sporadic ALS patients (Bruneteau 

et al., 2013; Cohen et al., 2009; Cohen et al., 2007), could be responsible for MEF2 

alterations (Figure 1). 
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Figure 1 

Schematic illustration representing alterations affecting MEF2D and MEF2C pathways 

previously reported in PBMCs obtained from sporadic and SOD1+ ALS patients. (Arosio et al., 

data unpublished) 
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Furthermore, 14-3-3- proteins, which are able to sequestre HDACs disrupting their 

repression on MEF2 proteins, were found to be accumulated in protein aggregates 

tipically observed in sporadic ALS patients (Volkening et al., 2009). Thus, 14-3-3 

proteins are sequestred and can not prevent the inhibitory action of HDACs. Nevertheless, 

the inhibitory action of HDACs is not the only molecular mechanism potentially involved 

in MEF2 alterations. In fact, microRNAs could be responsible of unaltered protein levels 

showed despite the strong increase of MEF2D and MEF2C mRNA levels. 

 

In this study we reported two altered mechanisms concernig RNA metabolism. Although 

these two exemples of transcritional alterations are very different and charactherized by 

dissimilar mechanisms of actions, a possible link between microRNAs and MEF2 

alterations could exists. Indeed, preliminary bioinformatics analysis showed that the 

3’UTR of MEF2D gene could be potentially recognized by several miRNAs and amoung 

these there are miR-129-5p and miR-200c, which we have previously identified increased 

in sALS patients and in SOD1(G93A) in vitro and in vivo models. Indeed, a conserved 

binding site for miR-129-5p and miR-200c was identified in 3’UTR region of MEF2D 

(Figure 2), suggesting a possible regulatory mechanism involving all these parameters. 
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Figure 2 

 

 

Figure 2 

Schematic illustration showing several miRNAs potentially able to recognize the 3’UTR region 

of MEF2D gene (above). Figures reporting the binding site in MEF2D gene for miR129-5p and 

miR200c (below). 
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Evidences supporting the miRNA-mediated regulation of MEF2 proteins are largely 

increased in the last few years. Among these, it possible to identify a group of miRNAs 

already demonstrated to be altered in ALS and potentially able to regulate MEF2 proteins 

or other molecules implicated in its regulation. Many of these miRNAs could potentially 

play an important role in the pathogenesis of disease, directly repressing MEF2D or 

MEF2C causing the reduction in their transcriptionally activity previously described in 

the Chapter 3 (Figure 3). For exemple, miR-155 and miR-338-3p were found increased 

in circulating cells of sporadic ALS patients (Butovsky et al., 2012; De Felice et al., 2012) 

and they were identified as potential regulators of MEF2 proteins using a bioinformatic 

prediction tool (Target Scan Human, version 7.0 released in August 2015). Moreover, 

miR-155 was already reported to inhibite MEF2 activity during muscle differentiation 

(Seok et al., 2011). Since miR-155 was previously reported to be increased in the spinal 

cord and in monocytes of sporadic ALS patients and in transgenic SOD1(G93A) mice 

where its repression with anti-miRs significantly prolonged survival (Butovsky et al., 

2012; Koval et al., 2013), it could be hypothesized that miR-155 negatively influences 

disease progression. Furthermore, miR-155 was identified to negatively regulate BDNF 

(Varendi et al., 2014) which is known to favorite motorneuron survival.  
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Figure 3 

Schematic illustration representing a possible mechanism of regulation of MEF2 proteins 

mediated by microRNAs known to be altered in ALS. (Arosio et al., data unpublished) 

 

In conclusion, miR-155 and miR-338-3p potentially regulate MEF2 transcriptional 

activity and it could be hypothesized that they negatively affect disease progression in a 

MEF2-mediated manner, for example directly targeting BDNF or reducing its 

transcription via MEF2D and MEF2C inhibition; but to confirm it further investigations 

will be necessary. To confirm that miR-155 was upregulated in PBMCs of ALS patients 

employed in our study and showing increased MEF2 levels, we assessed miR-155 

expression in a small cohort of 10 sALS and 8 healthy controls. These preliminary data 

failed to show the increased miR-155 levels hypothesized (Figure 4) probabily due to the 

too small cohort of subjects recruited; for this reason further analysis employing a bigger 

group of subjects will need to strengthen the analysis. 
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Figure 4 

 

 

 

 

 

 

 

No differences in mir-155 expression levels were shown in PBMCs of sporadic ALS patients and 

healthy controls (CTRL n=8; sALS n=10) (Arosio et al., data unpublished). 

 

 On the other hands, MEF2 proteins also positively regulate some microRNAs able to 

inhibit HDAC proteins in a positive feed back loop. MEF2C was reported to induce 

during muscle differentiation the expression of miR-1 and miR-206 (Gagan et al., 2012), 

two microRNAs already investigated in ALS and previously identified to be able to 

negatively regulate HDAC4 proteins (Dai et al., 2015; King et al., 2014; Williams et al., 

2009; Winbanks et al., 2013; Winbanks et al., 2011). HDAC4 sequestration by 

microRNAs prevents the inhibitory effect on MEF2 transcriptional activity sustaining this 

positive autoregulatory loop. Similarly, MEF2C also promotes miR-9 induction which 

inhibits HDAC4 (Davila et al., 2014), reinforcing the MEF2-miRNAs-HDACs axis. 

Moreover, miR-206 regulates BDNF (Lee et al., 2012; Miura et al., 2012; Tian et al., 

2014; Yang et al., 2014) suggesting a further mechanism concerning the regulation of this 

neurotrophin directly or via MEF2 proteins. Both miR-206 and miR-9 were well known 

to be altered in both SOD1(G93A) mice and in ALS patients (Bruneteau et al., 2013; 

Marcuzzo et al., 2015; Russell et al., 2013; Toivonen et al., 2014; Williams et al., 2009; 
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Zhang et al., 2013). Taken together, all these evidences suggest that this complex cascade 

of molecular mechanisms involving MEF2 proteins, microRNAs and HDACs could 

representative a potential target of investigation to elucidate the real impact of this 

pathway in ALS and to clarify if it could became object of a possible pharmacological 

modulation.  
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Chapter 5 –  

Additional Results & Further Perspectives 

In this study we have analyzed the role of transcriptional alterations in ALS investigating 

a common set of microRNAs dysregulated in different ALS models and exploring the 

possible involvement of MEF2 proteins in the pathogenesis of disease. Alterations in 

RNA metabolism are crucial moment in ALS pathogenesis but are not the only 

phenomena potentially involved in the disease onset. Indeed, while we were carrying out 

this study we decided to develop two collateral and cognate topics, which will be 

described below. First, we previously reported decreased levels of BDNF in PBMCs 

probably due to a reduced MEF2 transcriptional activity (Arosio et al., data unpublished) 

and we discussed how many miRNAs altered in ALS can regulated BDNF expression. 

For this reason, a dedicated section to explore the role of BDNF in ALS will be discuss 

below, while the second part of this chapter is concern to the role of autophagy in ALS. 

Indeed, MEF2D is a specific substrate of the chaperone mediated autophagy (CMA) a 

degradative pathway which also contributes to the degradation of TDP-43 and never 

investigated in ALS; thus to explore the activity of this catabolic process in our samples 

we have performed dedicated analysis.    
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5.1 BDNF and hormones in ALS 

Brain derived neurotrophic factor (BDNF) is a member of the neurotrophin family of 

growth factors, a group of cytokines involved in several aspects of neuronal and extra-

neuronal life. BDNF is synthesized as precursor proteins, pro-BDNF, packed into 

secretory vesicles and released both constitutively and upon stimulation. Cleavage by 

proteases, such as furin or proconvertases, produces mature neurotrophins. BDNF exerts 

its functions mainly at the synaptic cleft, through interaction with two types of receptor: 

the tropomyosin related kinase B (TrkB) receptor and the p75 neurotrophin receptor 

(p75NTR). In adult brains, mature BDNF predominantly interacts with TrkB inducing 

neuronal survival and synaptic plasticity. On the other hand, pro-BDNF binds with higher 

affinity to p75NTR, a member of the tumor necrosis factor superfamily of receptors, 

prompting apoptosis and a shrinkage of dendritic spines. Pro-BDNF and BDNF 

metabolism and functions outside the nervous system are less well characterized. 

However it was shown that BDNF passes the blood-brain barrier (BBB) bidirectionally 

(Pan et al., 1998; Sartorius et al., 2009) so that it may “leak” outside the central nervous 

system (CNS), reach the blood stream and affect other tissues expressing TrkB receptor. 

Vice-versa, peripherally produced BDNF may affect availability of such neurotrophin 

within the CNS. Plasma BDNF is rapidly degraded by proteases, or uptaken by platelets 

which in turn release it upon stimulation, so that serum levels of BDNF are 100-fold those 

of plasma. Interestingly, alterations of neurotrophin availability has been advocated as a 

pathogenic mechanism underlying ALS neurodegeneration: BDNF, in particular has been 

shown to impact survival of motor neurons by both in vitro and in vivo models of neuron 

injury or death (Henderson et al., 1993; Ikeda et al., 1995; Koliatsos et al., 1993; 
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Mitsumoto et al., 1994; Novikova et al., 1997; Sendtner et al., 1992). However, 

therapeutic trials of BDNF infusion, failed to show significant clinical benefit (1999; 

Ochs et al., 2000). Immunohistochemical post-mortem studies of motor cortex and spinal 

cord samples of ALS patients showed that the remaining mass of motor neurons retains 

the ability to express BDNF and its receptors at levels comparable to those of controls, 

however a switch in their susceptibility from BDNF and NT-3 to NGF may have occurred 

(Duberley et al., 1997; Kawamoto et al., 1998; Nishio et al., 1998). Similar studies 

performed on muscle biopsies and cerebrospinal fluid (CSF) held mixed results 

(Grundström et al., 1999; Grundström et al., 2000; Küst et al., 2002), one of them, 

however, identified a pattern of BDNF/NGF expression, with longer disease duration 

being characterized by a decreased BDNF and increased NGF expression within muscle 

cells. To our knowledge only two studies measured peripherally circulating BDNF and 

only one of them in serum (Angelucci et al., 2004; Iłzecka and Stelmasiak, 2002). This 

study, specifically, failed to show significant differences between ALS patients and a 

group of lumbar disc disease controls. On the other hand, circulating levels of BDNF 

were found altered in several neurological and psychiatric disorders (Teixeira et al., 

2010). Lower BDNF serum levels were shown, for example, in FTLD patients versus 

healthy controls but not Alzheimer disease (AD) patients (Ventriglia et al., 2013). Albeit 

the circulating levels of this neurotrophin might not be different, overall, in ALS patients 

with respect to healthy controls, we may hypothesize that BDNF might characterize 

differentially expressed phenotypic traits. Therefore, we assessed BDNF serum levels in 

45 ALS outpatients implementing a multidimensional characterization based on four, a 

priori chosen, disease-defining axes: ALS bulbar/spinal subtype, speed of disease 

progression, cognition and mood dysfunctions.  
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Considering the whole cohort of ALS patients, serum BDNF levels were similar, overall, 

with respect to controls (Figure 1). Nevertheless, disease staging (defined according to 

ALSFRS-R scores) correlated with BDNF serum levels (r= 0.39, p<0.01) and patients 

with ALSFRS-R scores below of the median value 32 (n=21 [46.6%]) had ~25% lower 

BDNF serum levels with respect to patients scoring above 32 (p=0.01) (Figure 2A-2B). 

 

Figure 1 

Serum BDNF levels in ALS patients and healthy controls (CTRL).  

 

 

 

Lastly, we analyzed BDNF serum levels investigating any possible correlations with 

multidimensional correlates in ALS. Bulbar (n=7) versus spinal (n=38) onset patients did 

not significantly differ in terms of BDNF serum levels (22.7 ± 9.3 vs. 19.7 ± 8.6 ng/ml 

p=0.42, mean ± SD, respectively). Analyzing cognitively impaired versus spared patients 

no differences were found as well as comparing fast versus slow progressors.  

  

Tremolizzo et al., 2015; Neurodegenerative Diseases. In press 
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Figure 2 

(A) serum BDNF is ~25% lower in ALS patients with ALSFRS-R scores belonging to the more 

impaired group (scores >16 and ≤32, defined as II) with respect to those patients with ALSFRS-

R scores (>32) belonging to the less impaired group (defined as III; note that no patients scored 

below 17), p=0.01 Student’s t-test; (B) correlation between ALSFRS-R scores and serum BDNF 

levels in ALS patients. 
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Accordingly, neurotrophin serum levels did not correlate with both the Montreal 

Cognitive Assessment score (MoCA) and with the Disease Progression Index (DPI). On 

the other hand, ALS patients showing a depressive trait with (n=18 [40%]) had ~25% 

lower BDNF serum levels with respect to non-depressed patients (p<0.03, see Figure 3) 

and correlated with the BDI scores (r=-0.37, p<0.03). 

 

Figure 3 

Serum BDNF levels in ALS patients stratified according to the pre-specified multidimensional 

parameters. Data are presented as mean ± SD. Cut-offs defining altered scores were: Beck 

depression inventory >9 (BDI+); MoCA <26 (MoCA+). Fast progressors (DPI>) had a score 

>0.39. *p<0.03 two-tailed Student’s t-test. 
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This study was designed in order to get meaningful insights on the determinants of 

phenotypic variability in ALS. In conclusion, we initially failed to report differences in 

serum BDNF between ALS patients and healthy controls, extending previous findings 

published on smaller series (Iłzecka and Stelmasiak, 2002). However, BDNF was 

downregulated in depressed patients. Accordingly, BDNF decrease has already been 

reported in depressed patients (de Azevedo Cardoso et al., 2014) and a recent meta-

analysis showed that altered peripheral BDNF levels are associated to ongoing depressive 

disorders (Molendijk et al., 2014). Clearly this implies that mood dysfunction in ALS is 

not only a mere adaptive phenomenon to a progressive overwhelming disability, but a 

complex phenotypic trait regulated by specific biological mechanisms that might be 

amenable of early dedicated interventions. Interestingly, however, an important 

determinant of neurotrophin concentration is stress exposure: accordingly, converging 

lines of research show that an altered production during stressful periods of life could 

nourish the biological dysfunctions underlying depressive disorders (Kimpton, 2012). In 

line with this hypothesis, steroid hormones, such as cortisol and dehydroepiandrosterone 

(DHEA), involved in mediating stress effects and playing key roles in the 

pathophysiology of mood disorders, are also known to modulate the production of BDNF 

(Pluchino et al., 2013). Thus, to investigate if the decreased BDNF expression described 

in serum of depressed ALS patients could be caused by alterations involving these two 

stress hormones, we assessed the expression levels of cortisol, DHEA and its sulfate 

metabolite (DHEAS) and the cortisol/DHEAS Ratio (CDR) in serum of our patients 

(Figure 4) but no significant differences emerged.   
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Figure 4 

Serum cortisol, DHEAS and cortisol/DHEAS ratio (CDR) levels in ALS patients.  

 

Furthermore, to better characterize the bioavailability of these hormones, the expression 

levels of specific hormone-binding proteins will be assessed. We will specifically 

evaluate the circulating levels of albumin, which binds DHEAS and transports it in the 

bloodstream. Moreover, we have also planned to assess levels of testosterone and its 

protein carrier Sex hormone-binding globulin (SHBG) in ALS patients with respect to 

controls. 

In conclusion, we report here that BDNF dysfunction might lie beneath selected 

phenotypic traits in ALS, and in particular depressed mood and advanced functional loss 

(Tremolizzo et al., 2015; In press). Further studies will clarify whether these changes 

might become clinical tools suitable for guiding specific therapeutic interventions. 
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5.2 Chaperone mediated autophagy (CMA) in ALS 

Misfolded proteins generated in various cellular compartments, including the cytoplasm, 

nucleus and endoplasmic reticulum (ER), are efficiently removed by quality control 

systems composed of the ubiquitin (Ub)-proteasome system (UPS), chaperone mediated 

autophagy (CMA) and macroautophagy (Figure 5). The first line of defense in degrading 

soluble misfolded proteins is the UPS, a selective proteolytic system in which substrates 

are tagged with Ub, unfolded into nascent polypeptide chains, and cleaved into short 

peptides while passing through the narrow chamber of the proteasome. Specific misfolded 

proteins that expose the KFERQ degradation signal can be degraded by the CMA, a 

branch of the autophagy-lysosome system (hereafter autophagy), in which substrates are 

selectively recognized by the chaperone heat-shock cognate 70 (hsc70) and directly 

delivered into lysosomes, leading to degradation by lysosomal hydrolases into 

aminoacids. Some misfolded proteins that escape the surveillance of the UPS and CMA 

or tend to form aggregates are directed to macroautophagy, a bulk degradation system in 

which substrates are segregated into autophagosomes which, in turn, are fused with 

lysosomes for degradation into aminoacids. 
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Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

The degradation of misfolded proteins by various cellular proteolytic pathways. Misfolded 

proteins are initially recognized by molecular chaperones that deliver the substrates to the UPS, 

CMA or macroautophagy depending on the nature of misfolding, size and solubility. In general, 

soluble and monomeric misfolded proteins are primarily degraded by the UPS and CMA. In 

CMA, substrates carrying the KFERQ motif are recognized and bound by Hsc70 in association 

with chaperones. The substrates are subsequently delivered to the LAMP2 complex on the 

lysosomal membrane, translocated to the lumen, and degraded into amino acids by lysosomal 

hydrolases. Some of these misfolded proteins tend to form aggregates and are thus directed to 

macroautophagy. Misfolded protein substrates of macroautophagy are recognized by molecular 

chaperones such as Hsc70, ubiquitinated by Ub ligases, and delivered to the autophagic adaptor 

p62, leading to the formation of p62 protein bodies. The targeted protein aggregates associated 

with p62 are subsequently delivered to autophagic membranes for lysosomal degradation, when 

p62 interacts with LC3 on the autophagic membrane.   
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Among the three arms of autophagy, the targeted clearance of misfolded proteins is 

mainly mediated by CMA and macroautophagy. CMA is a selective proteolytic system 

in which specific misfolded proteins carrying the KFERQ motif are delivered to and 

degraded in lysosomes. This pentapeptide motif, found in ~ 30% of cytosolic proteins, is 

normally buried by protein folding, but it can be exposed on the surface by misfolding or 

partial unfolding. It is recognized by the chaperone Hsc70 associated with co-chaperones 

(Kiffin et al., 2004). The substrates are subsequently delivered to the CMA adaptor 

lysosomal membrane-associated protein 2A (lamp-2A) on the lysosomal membrane, 

unfolded, translocated into the lysosomal lumen and degraded into aminoacids. In 

degenerating neurons, CMA can be constitutively activated to compensate for impaired 

macroautophagy (Kaushik et al., 2008).  

 

Concerning to ALS, although various pathogenic mechanisms have been proposed to 

sustain the pathogenesis of disease, a possible role for autophagy was observed in 

transgenic mouse models of fALS. For instance, in the transgenic SOD1(G93A) mouse, 

increased autophagy was observed during the presymptomatic stage (＜90 days of age). 

Surprisingly, any significant changes in autophagy in the soma of motor neurons were 

not observed until the terminal stage in these mice (140 days of age)(Li et al., 2008). 

Although autophagy seems impaired in the ALS model, many researchers showed its 

induction in ALS mouse models (Morimoto et al., 2007; Song et al., 2012). In patients 

with sporadic ALS, the autophagy features were observed under electron microscopy in 

the cytoplasm of normal motor neurons and more frequently in degenerated motor 

neurons (Sasaki, 2011). Furthermore, small heat shock protein B8 (HSPB8) decreases the 

aggregation of mutant SOD1 and increases its solubility and clearance by enhancing 
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autophagy without affecting wild-type SOD1 turnover in the SOD1(G93A) ALS model 

mice (Crippa et al., 2010a; Crippa et al., 2010b). Other evidences sustaining an 

impairment of autophagy are related to the clearance of TDP-43, the main component of 

protein aggregates observed in sporadic ALS patients; TDP43 turnover is known to be 

enhanced by autophagy activation and that autophagy-activating compounds improve 

TDP43 clearance and enhance survival in neuronal ALS models (Barmada et al., 2014). 

TDP-43 is well known to be degraded by UPS and macroautophagy; however a recent 

study recently showed that it is also degraded by the chaperone-mediated autophagy 

mediated through an interaction between hsc70 (also known as HSPA8) and ubiquitylated 

TDP-43 (Huang et al., 2014). The authors also reported that TDP-43 is cleaved by 

caspases and produces fragments with lower molecular weight, moreover TDP-25 was 

identified as the principal substrate necessary for formation of the cytosolic TDP-43-

positive aggregates observed in patient’ cells.  Furthermore, MEF2D is a selective 

substrate of CMA (Yang et al., 2009) and we previously reported in ALS patients 

increased mRNA levels for this protein without significant changes in protein levels 

(Arosio et al., data unpublished) compatible with a possible increase of the degradative 

activity of its catabolic pathway. 

 

Currently, no data exist about the CMA activity in ALS patients or in animal models of 

disease; for this reason a dedicated study with the collaboration of Prof. Poletti’s group 

and Dr. Cereda’s lab started to assess the CMA activity in ALS. Firstly, we have assessed 

the two principal parameters of CMA in PBMCs obtained from 30 sALS, 9 SOD1+ 

patients and 30 healthy controls age and sex matched. Our results showed a significant 

reduction in hsc70 mRNA levels in both sporadic and SOD1+ ALS patients with respect 
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to healthy controls (Figure 6A). Moreover decreased hsc70 proteins were also observed 

in sporadic ALS patients versus controls (Figure 6B). The other parameter of CMA is 

lamp2A and, since its binding to the substrate protein represents the limiting step of CMA, 

lamp2A protein levels have been shown to directly correlate with CMA activity (Cuervo 

and Dice, 2000a; Cuervo and Dice, 2000b).  
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Figure 6 

Hsc70 gene and protein expression in PBMCs of sporadic patients (sALS), ALS patients with 

mutations in SOD1 gene (SOD1+) and healthy controls. (A) Decreased hsc70 mRNA levels in 

sALS and SOD1+ patients with respect to healthy controls (CTRL). Relative quantification (RQ) 

of hsc70 mRNA is calculated as ratio to β-actin. One-way ANOVA, followed by Tukey’s multiple 

comparison test (***p<0.001; CTRLs n=30; sALS n=30; SOD1+ n=9). (B) Reduced hsc70 

protein levels were shown in sporadic ALS patients versus controls. Hsc70 protein levels are 

expressed as ratio between target and beta-actin optical density, Two-tailed unpaired Student’s t-

test (**p<0.01; CTRLs n=30; sALS n=30). 
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We assessed mRNA and protein levels of lamp2A but we failed to show any differences 

between patients and controls (Figure 7A-7B). However, a negative correlation between 

lamp2A protein levels and disease duration, expressed in months, emerged (Figure 8A). 

Indeed, stratifying patients based on disease duration and dividing them in two groups 

(sALS patients with a disease duration lower than the median value of 18 months and 

patients with a disease duration > 18 months) we showed reduced lamp2A protein levels 

in patients with a longer disease duration (Figure 8B).  

Our results evidenced a significant reduction in hsc70 protein levels in PBMCs of ALS 

patients due to a decreased mRNA synthesis. Conversely, lamp2A protein, which is the 

parameter representing the rate limit step of CMA activity, was unaltered excluding an 

impairment of this catabolic pathway, at least in initial phases of disease. As a matter of 

fact, patients with a longer disease duration had reduced lamp2A protein levels without 

changes in mRNA levels (data not shown) suggesting that a possible lack of CMA 

function could arise in the last steps of disease.  Therefore, our results evidenced different 

regulation mechanisms for hsc70 and lamp2A: the cytosolic carrier was found decreased 

in ALS patients because its transcription is reduced with respect to controls and disease 

duration no  
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Figure 7 

Lamp2A gene (A) and protein (B) expression is unchanged in PBMCs of sporadic patients 

(sALS), ALS patients with mutations in SOD1 gene (SOD1+) and healthy controls. Relative 

quantification (RQ) of lamp2A mRNA is calculated as ratio to β-actin (CTRLs n=30; sALS n=30; 

SOD1+ n=9). Protein levels are expressed as ratio between lamp2A and beta-actin optical density 

(CTRLs n=30; sALS n=30). 
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Figure 8 

(A) Lamp2A protein levels negatively correlates with disease duration (months) (r=0.42, p<0.05, 

n=25). Moreover, although considering the whole cohort of ALS patients lamp2A protein levels 

were unchanged with respect to controls, stratifying patients based on the disease duration 

expressed in months (< of the median value of 18 months or > of 18 months), we showed 

decreased lamp2A protein levels in ALS patients with a long disease duration versus controls (B, 

*p<0.05; **p<0.01). 
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influences neither mRNA nor hsc70 protein levels (data not shown), while unaltered 

lamp2A protein levels suggests that CMA activity seems to be not altered in ALS patients 

until the last stages of disease where reduced lamp2A protein levels were evidenced in 

PBMCs of ALS patients. To assess in these cells the degradative activity of CMA we 

have investigated levels of its putative targets. Firstly, we evaluated TDP-43 protein 

levels and we showed a significant increment in PBMCs of sporadic ALS patients with 

respect to controls (Figure 9). 

 

Figure 9 

Increased TDP-43 protein levels in PBMCs of sALS patients with respect to controls. TDP-43 

protein levels are expressed as ratio between target and beta-actin optical density, each value was 

calculated referred to the mean value of the controls loaded on each gel and expressed as %. 

(***p<0.001; CTRLs n=20; sALS n=20). 
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We hypothesize that increased TDP-43 protein levels reported in ALS PBMCs could be 

related to the protein aggregates TDP-43-positive described in the literature, suggesting 

that protein levels were increased because unfolded TDP-43 were accumulated in protein 

aggregates; but further investigations are needed to confirm this hypothesis. However 

TDP-43 clearance is carried out also by UPS and macroautophagy, so to better evaluate 

specifically CMA activity a specific target could be assessed. MEF2D is selectively 

degraded by CMA (Yang et al., 2009) but we previously described unaltered protein 

levels for this parameter between sALS and healthy controls (Arosio et al., data 

unpublished) suggesting that CMA seems to be not affected in ALS patients and TDP-43 

protein levels were found increased probably due to an impairment of other degradative 

systems. Anyway, stratifying patients based on disease duration as previously described, 

we showed that TDP-43 protein levels were upregulated from the earliest stages of disease 

(Figure 10A) (in agreement with the literature describing TDP-43 aggregates like 

pathological hallmarks of ALS), while MEF2D showed no differences in protein levels 

between patients and controls even if MEF2D seems to be increased (p=0.07) in ALS 

patients with longer disease duration (Figure 10B), similarly to lamp2A.  
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Figure 10 

CMA substrates stratified based on disease duration. (A) TDP-43 protein levels were increased 

in both patients with disease duration <18 months and in patients with a longer disease duration 

(*p<0.05; ***p<0.001). (B) MEF2D protein levels were unaltered between sALS and controls, 

but patients with a longer disease duration seems to have higher MEF2D levels even if without 

statistical significance (p=0.07). 
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Taken together, these results seem suggest that CMA is not affected in PBMCs of ALS 

patients in the earliest stages of disease, even if a possible impairment of the degradative 

activity of this pathway could arise during disease progression (Arosio et al., data 

unpublished). However, the hsc70 downregulation here described could affect CMA 

degradative efficiency reducing the amount of cytosolic carrier available to direct the 

substrate to the lysosome where it will be degraded. Furthermore, hsc70 is well known to 

play several function in the cell cooperating with various co-chaperone molecules; 

indeed, hsc70 is not only described in association with CMA but it is also involved in 

UPS system and macroautophagy. Hsc70 is involved in targeting proteins to 

ubiquitin/proteasome machinery interacting with two co-chaperones: BAG1 and CHIP 

(carboxyl-terminus of HSC70 interacting protein). Interaction between BAG1 and hsc70 

leads to the activation of CHIP which acts as a chaperone associated ubiquitin ligase 

regulating protein quality control (Zhang et al., 2005). CHIP mediates the attachment of 

an ubiquitin chain to chaperone-bound client proteins and stimulates substrate 

degradation by proteasome. Moreover in the last years, evidence has also been acquired 

supporting a participation of hsc70 in autophagic pathways such as microautophagy. 

Recently, a microautophagy-like process involving hsc70, called endosomal 

microautophagy, has been described (Sahu et al., 2011). As in CMA, hsc70 binds to 

KFERQ motif-containing proteins, but instead of binding to a lysosomal membrane 

receptor, the chaperone directly associates through electrostatic interaction with the 

phosphatidylserine moieties present in the lipid bi-layer. Consequently, the protein 

substrate can be easily internalized and degraded through endosomal microautophagy. 

Finally, recent studies have highlighted an involvement of hsc70 in macroautophagy. 

During this process, large portions of cytosol are sequestered inside double-membrane 
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vesicles known as autophagosomes; the captured components are then degraded upon 

fusion of these structures with lysosomes. This catabolic pathway is relevant for the 

removal of different cytoplasmic components such as damaged organelles or intracellular 

protein aggregates (Wong et al., 2011).  Hsc70, widely associated with these aggregates, 

targets them to the lysosomes through a particular macroautophagic process known as 

chaperone-assisted selective autophagy (CASA). The co-chaperone BAG3 binds hsc70, 

inducing ubiquitination of the protein substrate. Instead of being targeted for proteasomal 

degradation as described above, the complex is recognized by the macroautophagy 

receptor SQSTM1/p62 (sequestosome 1) protein. The subsequent binding of SQSTM1 to 

the autophagosomal membrane-anchored LC3, delivers this CASA substrate to the 

macroautophagy machinery for degradation (Arndt et al., 2010; Ulbricht et al., 2013). All 

these degradative pathways could be involved in ALS and eventual hsc70 alterations 

could directly affects the pathogenic mechanisms occurring during disease. As a matter 

of fact, hsc70 and its co-chaperone CHIP facilitates degradation of the ALS-linked mutant 

SOD1 in an ubiquitination-dependent manner (Urushitani et al., 2004). Studies with 

transgenic mouse models of ALS also suggested that the inclusions may be sequestered 

into ubiquitin-proteasome pathway and hsc70 may be involved in formation and/or 

degradation of these inclusions (Choi et al., 2004; Song et al., 2013; Wang et al., 2009; 

Watanabe et al., 2001; Zetterström et al., 2011). Anyway, hsc70 was also described to 

mediate the degradation of mutant SOD1 via autophagy. Indeed, the multiheteromeric 

complex HspB8/Bag3/Hsc70/CHIP interacts with mutant SOD1 and activates its 

autophagic removal (Crippa et al., 2010b). This process is strongly regulated by BAG3 

which enhances autophagy activity, as indicated by the increased LC3 and p62 mRNA 

levels observed in skeletal muscles of transgenic SOD1(G93A) mice at symptomatic 
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stage (Crippa et al., 2013). In conclusion, hsc70 could determinate the final fate of its 

substrate conveying it to a specific catabolic pathway. To better understand these 

mechanisms and to assess the real impact of hsc70 in ALS we started a collaboration with 

Prof. Poletti’s group to study in deep this topic and our preliminary results are described 

below. 

 

Firstly, we investigated the two key regulators of macroautophagy: LC3 and p62 to assess 

if the induction of this pathway previously described in animal ALS model also occurred 

in peripheral cells obtained from blood patients. We showed a significant reduction of 

LC3 and p62 mRNA levels in both sporadic and SOD1+ ALS patients with respect to 

controls (Figure 11) and a positive correlation between mRNA levels of these two 

parameters was also observed in patients and in controls (Figure 12). Then, we 

investigated mRNA levels of BAG1 and BAG3 the co-chaperones of hsc70 that directing 

substrates to be degraded by UPS or autophagy, and we showed reduced BAG1 mRNA 

levels in both sporadic and SOD1+ ALS patients with respect to controls, while no 

changes in BAG3 mRNA levels were observed in patients (Figure 13).  

 

Taken together, these preliminary results seem suggest that the hsc70 down-regulation 

previously described could afflict several degradative pathways. Although further 

investigations will be need to finely assess the functional status of macroautophagy and 

UPS system in PBMCs of ALS patients, reduced levels of hsc70 seem impair degradative 

activity. Alterations in protein quality control system could play a crucial role in ALS and 

are responsible for the accumulation of misfolded proteins and aggregates formation 

which are pathological hallmarks of ALS.  
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Figure 11 

Reduced gene expression of LC3 (A) and p62 (B) in sporadic and SOD1+ ALS patients with 

respect to controls. Relative quantification (RQ) of mRNA target is calculated as ratio to β-actin 

(*p<0.05; **p<0.01 ***p<0.001; CTRLs n=30; sALS n=30; SOD1+ n=9). 
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Figure 12 

The two parameters of macroautophagy LC3 and p62 mRNA levels showed a positive correlation 

in PBMCs of healthy controls (A. p<0.0001; r=0.77; n=30) and sporadic ALS patients (B. p<0.01; 

r=0.54; n=30). 
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Figure 13 

Gene expression levels of BAG1 (A) and BAG3 (B) in patients and controls. BAG1 mRNA levels 

were significantly reduced in both sporadic and SOD1+ ALS patients with respect to controls 

(*p<0.05; **p<0.01). Relative quantification (RQ) of mRNA target is calculated as ratio to β-

actin (CTRLs n=30; sALS n=30; SOD1+ n=9). 

 

 

 

To better characterize the pathological mechanisms involving catabolic pathways could 

be very important to development pharmacological strategies to improve degradative 

systems efficiency and to facilitate removal of misfolded proteins. Based on eventual 

future results confirming an impairment of protein quality system, dedicated therapeutic 

strategies could be hypothesized to contrast the protein aggregation and accumulation 

which is a nodal event in ALS and in several other neurodegenerative diseases.  
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